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Introduction: The RSK algorithm establishes an equivalence of finite sequences of elements of linearly ordered sets and pairs of
Young tableaux P and Q of the same shape. Of particular interest is the study of the asymptotic limit, i. e., the limit shape of the so-called
bumping routes formed by the boxes of tableau P affected in a single iteration of the RSK algorithm. The exact formulae for these limit
shapes were obtained by D. Romik and P. Sniady in 2016. However, the problem of investigating the dynamics of the approach of bumping
routes to their limit shapes remains insufficiently studied. Purpose: To study the dynamics of distances between the bumping routes and
their limit shapes in Young tableaux with the help of computer experiments. Results: We have obtained a large number of experimental
bumping routes through a series of computer experiments for Young tableaux P of sizes up to 4-105, filled with real numbers in the range
[0, 1] and sets of inserted values a  [0.1, 0.15, ..., 0.85]. We have compared these bumping routes in the L, metric with the corresponding
limit shapes and have calculated the average distances and variances of their deviations from the limit shapes. We refined the parameters
in the empirical formula for the rate of approach of discretized bumping routes to their limit shapes. Also, the experimental parameters
of the normal distributions of the deviations of the bumping routes are obtained for various input values.

Keywords — RSK algorithm, RSK correspondence, Young tableau, Plancherel measure, Vershik — Kerov curve, bumping route, limit
shape, linearly ordered set, numerical experiment, asymptotic combinatorics.

For citation: Vassiliev N. N., Duzhin V. S., Kuzmin A. D. Modeling of bumping routes in the RSK algorithm and analysis of their approach
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Introduction

The Robinson — Schensted — Knuth (RSK) al-
gorithm [1-3] appears in various contexts of mathe-
matics, physics, computer science and their applica-
tions [4, 5]. Despite its purely combinatorial nature,
RSK has many deep connections with algebra, er-
godic theory, and the theory of dynamical systems.
In these days, more and more papers appear in
which new and unexpected properties of this algo-
rithm are revealed.

The geometry and combinatorics of the bump-
ing routes of the RSK algorithm was studied [6-10]
both theoretically and with the help of computer ex-
periments. In [6], the asymptotic behaviour of the
convergence of bumping routes to their limit shapes
was studied, and exact equations describing such
limit shapes were also obtained. In this paper, we
study the dynamics of convergence of the generated
bumping routes to their limit shapes. Similar simu-
lations have already been performed in [9], but com-
pared to this work, the scheme of experiments was
significantly changed. In particular, the number
of Young tableaux involved in the simulation was
increased, and a larger number of limit shapes of

bumping routes, to which the experimental curves
tend, was considered. Here we chose another method
for comparing the experimentally obtained bump-
ing routes with their corresponding limit curves.
Since the end of the limit shape of a bumping route
may not coincide with the end of the experimentally
calculated bumping route, the projections of these
functions onto the x axis are generally defined on
different intervals. At the same time, in [9] to cal-
culate the deviation of a bumping route from the
theoretical limit shape, we scaled the experimental
bumping route by multiplying its domain of defini-
tion by some constant so that its end coincides with
the theoretical one. Finally, the L, distance between
the scaled experimental bumping route and the the-
oretical curve was calculated.

This approach led to a significant divergence of
the projections of the curves on the y axis and, as a
result, to an inaccurate estimation of the distance
between the curves. Therefore, we subsequent-
ly abandoned such a scheme. In this article, these
curves are compared on the common interval of
their definition, i. e., the maximum common value
of their projections on the x axis is chosen. Then the
distance between the theoretical and experimental

2 7/ WHPOPMALIMOHHO-YMPABJIAIOLLUE CUCTEMbI
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curves in the L, metric is evaluated. This distance
is calculated at some fixed number of points on this
common definition interval.

RSK algorithm

The classical RSK algorithm and its generaliza-
tions [1-3] consist of mapping some input sequence
of elements of some linearly ordered set to a pair of
Young tableaux of the same shape: insertion tableau P
and recording tableau @. The entries of the input
sequence are processed one by one. If the next entry
is the maximum in the first column of the tableau P,
then a new box is added to the tableau on top of the
first column. Otherwise, the element is written to
the box of the first column with the closest greater
value, which is then bumped into the second column.
Likewise, the bumped value can either take the po-
sition at the top of the second column, or bump the
closest greater value to the third one. The iteration
of the algorithm ends when the next bumped value
turns out to be the maximum in column j and a box
with coordinates (i, ) is added to the tableau P. After
that, a box filled by the index of the current element
of the input sequence adds to tableau @ at the same
position (Z, j). Thus, the insertion tableau consists
of inserted values and is semi-standard Young tab-
leau (SSYT) [11, 12], i. e, its values strictly increase
along the columns and non-strictly along the rows.
The recording tableau is a standard Young tableau

TEOPETUYECKASA U MPUKNTAOHAS MATEMATUKA \

(SYT), i. e. the values in it are strictly ordered both
in rows and columns.

Figure 1 shows an example of the RSK corre-
spondence between a finite sequence of integers ®
and a pair of Young tableaux P, Q. The arrows con-
nect the boxes through which the values are bumped
during one iteration of the RSK algorithm when
processing the number 9. The sequence of such box-
es is called the bumping route.

In this work, we use the so-called French no-
tation for Young tableaux such as the boxes are
aligned along the x and y axes. Another notation of-
ten used in literature is known as Russian notation.
It is obtained from the French one by rotating the
coordinate axes by 45 degrees clockwise. In Fig. 1,
French notation corresponds to the x, y axes, and
Russian notation corresponds to the u, v axes.

One of important properties of the RSK algo-
rithm is the fact that when applied to a sequence of
random uniformly distributed numbers, the result-
ing tableaux P and @ have the so-called Plancherel
distribution [13]. When the size of the tableaux
grows, their profiles tend to some limit shape Q,
which is described by the Vershik — Kerov curve
[14], given in Russian notation as follows:

Qu) = E(u-arcsin%+\/4—u2 J
T

The limit shapes of the bumping routes are de-
termined by the following formulae [6]:

ey

o = 11,23, 4,2, 5,27, 25, 8, 20, 28, 1, 13, 21, 30, 16, 24, 31, 29, 3,9, 7, 14, 19, 16, 11, 6, 27, 21, 12, 19, 9

17 Q

14 | 18 | 27

10 | 16 | 23 | 28

Ay
19 p
12 | 21 | 31
a U
4
11|16 |27 | 29 | /7
,/
\ /
4
6 | 7 \,vﬁ'-»m 28
7
4
3 1,60 8 | 13| 25==
7
,/
A | 2 | 4 | 11|20 | 23|27
4

v

B Fig. 1. RSK correspondence between an integer sequence and a pair of Young tableaux
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[
F(u):l+l u4—u+arcsinz , Jul £2; (2
2 n 4 2
ua(t)=\ﬁ-F—1(%j, O<a<i<l; 3

v, () :«/Z~Q(F1(%D, 0O<as<t<l; @

ya (t) — M; (5)
2
%, (t) _ V@), ©)
2
-1 -1
k() = x, (1) = 2F “"2 @,
By (8) = ¥4 (51 (5)), 0 <5 < x(0), ®)

where o is the input value; ¢ is the intermediate
value on the bumping route; u (®), v (), x,®), y,@®)
are the projections of the coordinates of the position
where the value ¢ was bumped when the input value
o was processed onto the corresponding axes of the
Russian and French notation; k(o) is the projection
of the intersection point of the bumping route and
the Vershik — Kerov curve (1) onto the x axis; B (s)
is the projection of the position on the bumping
route onto the y axis.

The goal of this article is to study the deviations
of the experimental bumping routes from their limit
shapes. We consider sequences consisting of random
real numbers uniformly distributed in the interval
[0, 11.

Computer experiments

Let us describe the computational experiments
on modeling the bumping routes in the RSK algo-
rithm and studying their deviations from the lim-
it shapes. With the help of the RSK algorithm, we
generated a set of random pairs of SSYT P and
SYT @ of some fixed size n, distributed according
to the Plancherel measure [13]. Then, again using
the RSK algorithm, a certain value of o was insert-
ed into each of the tableaux P. The bumping route
corresponding to this value was calculated, i. e., the
sequence of normalized coordinates of the boxes
(x;, ¥;), bumped during the iteration_of the algo-
rithm. We divide the coordinates by Jn to normal-
ize the area under the profile of the tableau to make
it equal to one. Such a normalization is necessary
to compare these bumping routes with the limit
curves, which are defined by formulae (1)—(8).

As can be seen from formulae (3), (4), in order
to calculate a coordinate on the limit shape of a

bumping route, it is necessary to calculate the func-
tion inverse to F' from (2). To solve this problem, we
formed a table T';, in which each value v € [-2, ..., 2],
listed with the step 4-10-6, was associated with the
corresponding value of the function F. To calculate
u = F-1, the row with the closest value to F was se-
lected in T';. Similarly, for the calculation x&l(s)
from (8), a series of tables T\, were compiled, for the

values of a defined in the range [a, ..., 1] with the
step 10-6. So, each of T, specifies the correspond-
ence £(x,).

Let us describe how we calculated the coordi-
nates (x*, ¥*) on the limit shape of a bumping route
corresponding to the pair of coordinates (x, y) on an
experimental path. Firstly, it is necessary to calcu-
late x(_ll(s) from (8). To do this, we find in T, the
value x” closest to x, which corresponds to some val-
ue ¢. To calculate y* =y, (9), ¢ is substituted into (5).
To calculate u (t) and v, (#), we find in table T'; the

value of F closest to % which corresponds to F-1.

Then, the root-mean-square distance S between
the coordinates (x, y) of the boxes of the constructed
bumping route and the corresponding coordinates
(x", ¥") of the limit curve was calculated. Thus, we
calculated the distance in the L, metric between a
stepwise bumping route and the limit shape corre-
sponding to the given insertion value.

To estimate the number % of generated Young
tableaux of size n = 108 required to reliably calcu-
late the standard deviation of distances S for a given
value of the input parameter a, a series of random
sets of Young tableaux was constructed. For a € [0.1,
..., 0.85], with the step 0.05, the S values of the cor-
responding bumping route were calculated for each
tableau in generated sets. Then, we calculate the
averages and variances of S for the first £ = 100,
200, ..., 104 tableaux. Figure 2, a shows the depend-
ence curves of the average value of S on the num-
ber of bumping routes considered. We constructed
10 random sets of 104 Young tableaux of size 106 for
o =0.1,0.3,0.5, 0.7 and 0.9.

It could be concluded that the spread in the val-
ues of standard deviations decreases significant-
ly with an increase in the number of experiments.
Moreover, even if we take 1000 tableaux of size 106,
the spread can be considered quite acceptable. This
conclusion is also confirmed by the variance plot
of S values (Fig. 2, b) obtained during this experi-
ment — the variance decreases with an increase in
the number of tableaux considered, which is in line
with our expectations.

Note that Fig. 2, b shows only a segment of the
graph for the number of tableaux from 1000 to
5000, since the variance curves are difficult to dis-
tinguish in a larger scale. For the number of tab-
leaux up to 104, the variances still decrease mono-
tonically.
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Mean distance x 103

“0 1 2 3 4 5 6 17T 8 9 10
Number of tableaux x 10-3

Variance of distance x 10°

1 1.5 2 2.5 3 3.5 4 4.5 5
Number of tableaux x 10-3

B Fig. 2. Dependence of means of S (a) and variances of S (b) on the number of considered Young tableaux of size 106 for

input values o = 0.1 (=), 0.3 (=), 0.5 (=), 0.7 (=), 0.9 (—)

Dependence of the distance between
the experimental and limit curves on the size
of Young tableaux

In this numerical experiment, the dynamics
of convergence of bumping routes to limit curves
with increasing size of Young tableaux was studied.
The size of considered tableaux varied in the range
n e [105, ..., 4-106] with the step 105. For each size,
a fixed number of % pairs of tableaux P and @ were
generated: & = 104 tableaux of sizes from 10° to
108 and £ = 1000 tableaux of sizes from 11-10° to
4-108. Then, using the RSK algorithm, input values
a € [0.1, ..., 0.85] were inserted into each of the ob-
tained tableaux P with the step 0.05.

For each of the £ constructed bumping routes
of size n, the mean and variance of the root-mean-
square distance S were calculated. For a set of fixed
values of o, the behaviour of the calculated mean
values and variances was studied depending on oth-
er parameters.

It is obvious that an experimentally obtained
bumping route do not coincide with the correspond-
ing limit shape. Moreover, both their domains of
definition and their shapes differ. It was decided to
calculate the values of S only on those intervals on
which both the experimental bumping routes and
their limit shapes were determined. The sections of
the bumping routes given by the computer experi-
ment, which go beyond the intervals of existence of
the limit shapes, did not participate in the calcula-
tion of S.

It was shown in [9] that the deviations of the
bumping routes from the limit shapes for large val-
ues of n are well approximated by an empirically ob-
tained function of the form

1 1
fm)=a-n 4+b-n 2. 9

Thus, the convergence turns out to be quite
slow. The results of calculating the deviations ob-
tained in the framework of computer experiments
were approximated using the function (9) with free

parameters a and b. The table below shows the
values of the obtained parameters for some input
numbers o, as well as the maximum deviations A
of the approximation curves from the experimental
bumping routes. The values of A show that the ap-
proximation accuracy of the empirical formula (9)
is quite high.

Figure 3, a, b shows approximation curves
for input values a € [0.1, ..., 0.85] with the step
0.05. It is easy to see that the largest deviations
of the bumping routes from the limit shapes are
achieved at o = 0.4 and 0.45, and the smallest at
0.1 and 0.85.

B Values of the coefficients a and b depending on inserted
values of o and the maximum deviations A of the approxima-
tion curves from the experimental bumping routes

a a b A
0.1 0.244 0.191 0.000217
0.15 0.270 0.184 0.000239
0.2 0.285 0.213 0.000349
0.25 0.296 0.236 0.000301
0.3 0.302 0.264 0.000209
0.35 0.303 0.325 0.000249
0.4 0.305 0.319 0.000202
0.45 0.304 0.331 0.000298
0.5 0.296 0.475 0.000230
0.55 0.289 0.597 0.000211
0.6 0.281 0.622 0.000233
0.65 0.266 0.826 0.000294
0.7 0.253 0.914 0.000216
0.75 0.233 1.136 0.000270
0.8 0.210 1.457 0.000228
0.85 0.179 1.925 0.000167
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B Fig. 3. Approximation curves of average distances between bumping routes in Young tableaux with sizes from n = 10°
to 4-105 and limit curves corresponding to input values o € [0.1(=), ..., 0.4(- )] (@); o € [0.45(=), ..., 0.85(- )] (b) with the

step 0.05

Variance of distance x 105
O N Wk T -1

15 20 25

Tableau size x 10-5

B Fig. 4. Variances of distances between bumping routes
in Young tableaux with sizes from n = 105 to 4-10% and
limit curves corresponding to input values o € [0.1, ...,
0.85] with the step 0.05

The corresponding variances of the distances be-
tween the experimental curves and the limit shapes
are shown in Fig. 4. As can be seen, the variances
decrease for all considered input values, although
not monotonically. Also note that as n increases, the
spread of variances for different a decreases.

The coordinates distributions of the ends
of the bumping routes obtained in the experiment

Within the framework of our computer experi-
ments, we have studied the coordinates distribu-
tions of the ends of the bumping routes. Also we es-
timated the values of the parameters of the function
approximating these distributions. This experiment
actually uses only end points of bumping routes in-
stead of their entire trajectories as the previous one.

In these calculations, we fixed the input value
o, the number of considered tableaux & and the size
of the tableaux n. Fig. 5, a demonstrates 20 bump-
ing routes for each input value a = 0.1, 0.3, 0.5, 0.7,
0.9 inserted into a tableau of size 106, as well as the
Vershik — Kerov limit shape (1). The correspond-
ing limit curves are dashed. Examples of individual
bumping routes for the same set of a are shown in
Fig. 5, b. Figure 5, ¢ shows some final parts of the
bumping routes in a high zoom level for the case
o = 0.5. The ends of the bumping routes are marked
with red circles.

To study the distribution of the values of the end
points, we calculated the number of coordinates be-
longing to one or another range in x. As a result, we

b 2

1.5

0.5

0.58 D

0 0.5

1

1.5 2 0.58 0.6 0.62 0.64 0.66 0.68 0.7

B Fig. 5. The spread of the coordinates of the ends of bumping routes for the input values o = 0.1 (=), 0.3 (=), 0.5 (=),

0.7 (=), 0.9 (), the limit shapes of bumping routes (— —), and the Vershik — Kerov limit shape (==) for 20 (@), 1 (b) bumping
routes, and 100 zoomed final parts of the bumping routes for a = 0.5 (¢)
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B Fig. 6. Frequency histogram of the distribution of the
ends of the bumping routes and its approximation using a
Gaussian curve

obtained a series of frequency histograms that dis-
play how these projections are distributed. An exam-
ple of one of such histograms is shown in Fig. 6. It
is constructed for 10° bumping routes in tableaux of
size 108, when processing an input number o = 0.5.

As can be seen from the figure, the distribu-
tion of the projection coordinates of the ends of
the bumping routes is in good agreement with the
normal distribution with the parameters u ~ 0.63,
o ~ 0.023. Figure 7, a, b shows the distribution pa-
rameters given by approximating the frequencies of
the coordinates of the end points. We considered in-
put values of a. € [0.1, ..., 0.85].

As can be seen from the presented graphs, the
dependence of the parameter pu of the normal dis-
tribution is close to linear on the studied interval
of input values. The parameter o is estimated less
reliably than the amplitude p, and the results do not
allow us to draw a conclusion about the form of such
a dependence.

The software package developed to perform the
experiments is implemented in C++ with the aid
of OpenMP. Experiments use significant computer
resources both in terms of memory and time cost.
Our calculations were carried out for more than
two weeks of continuous computations on the server
Ubuntu 20.04.2 LTS, 240Gb RAM, Xeon Gold 5218.

Conclusion

Here we have described the results of our com-
puter simulation of the bumping routes in the RSK
algorithm obtained on a very large dataset consist-
ing of extra large Young tableaux. We have studied
the deviation of these bumping routes from the cor-
responding theoretical limit shapes.

Our computer experiments show good agree-
ment with the theoretical results obtained in [6] and
confirm the empirical asymptotics of the approxi-
mation of the bumping routes to their limit shapes.
Convergence turns out to be rather slow with the

a) 1.6
14
1.2

0.6
0.4
0.2

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

p) 0.03
0.028]
0.026
0.024
0.022

© 0.02
0.018
0.016
0.014
0.012

0.

B Fig. 7. Dependence of the parameters p (a) and o (b) of
the normal distribution for the input values o

1

principal term proportional to n 4. As in many
problems of asymptotic combinatorics, such exper-
iments require the involvement of a huge number
of large Young tableaux. A similar problem and the
RSK algorithm itself, are also defined for the case
of strict Young tableaux and the Plancherel process
on the Schur graph [15-17]. These two Plancherel
processes have a close relationship. The limit shapes
of the bumping routes for the strict Plancherel tab-
leaux can be derived from ones in the standard case.
But, it should be noted that it is possible to construct
much larger Young tableaux on the Schur graph. As
a result, it could be possible to obtain much more
accurate determination of the parameters of the
obtained distributions. So, in the future we plan to
extend our research to the strict case. For this, it
is also planned to expand the functionality of our
specialized software.
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Beenenue: anropurm RSK ycranaBinBaer 3KBHBaIEHTHOCTH IIOCIEI0BATENHHOCTEN 3JIEMEHTOB JIMHEHHO YIOPALO0YEHHBIX MHOKECTB U
nap rabaun I0ura P u @ oxusakoBoit dopMbl. OTIenbHbIi HHTEPEC IPEACTABIAET UCCIe0BaHHe aCUMIITOTUIECKOTO IIPe/iesa, T. €. IIPeieib-
HOU (hOPMBI TAK HABHIBAEMBIX IIyTEH BBITATKUBAHUK, 00pa3yeMbIX BHITAIKHUBAEMbIMU aIrOPUTMOM KieTkamu Tabaursl P. Tounbie dopmymnbr
IUIST 9THUX TPeneabHbIX popM ObutH panee moaydenbr . Pomukom u I1. Cusager 8 2016. Oqrako mpobieMa U3ydeHUs TUHAMUKA CTPEMJICHUS
mmyTel BHITAIKUBAHUU K UX IIPEJENbHBIM (hopMaM ocTaeTcsi HeOCTaTOIHO HcciaenoBanHoi. Ileas: nccienoBarh TUHAMUKY OTKIOHEHUS IIy-
Ted BBITAJKUBAHUH OT UX IIpefeNbHbIX hopM B Tabumnax IOHra ¢ moMoIpio KOMIbIOTEPHBIX SKCIEPUMEHTOB. Pe3yabTaThl: B IPOBEIEHHON
CepHM KOMITBIOTEPHBIX DKCIepuMenToB A1a Tabmur I0ura P pasmepos 0 4-108, 3ammomHeHHBIX BelllecTBeHHBIME YHCIAMHE B fuanaszone [0, 1],
u HabopoB BeTaBisieMbIx 3HaueHwuit o € [0.1, 0.15, ... , 0.85] moixy4eHo 6OIBIIOE KOIUIECTBO HKCIIEPUMEHTANBHBIX IIyTeH BHITAIKUBAHUIM,
KOTOpbIe CPABHUBAINCH B METPHKE L, C COOTBETCTBYIOIIUMHE [IPEAEIbHBIME (popMaMu. BbIYuCIeHbI cpefHre PACCTOSHIA U JUCIIEPCHH UX
OTKJIOHEHHH OT IIPEJeIbHBIX KpI/IBbIX.QyTO‘{HeHLI rapaMeTrpsl B SMIIUPHYECKOH (DOPMYIIe I CKOPOCTH IPUOINKEHNA JUCKPETU3HPOBAHHBIX
myTed BBITAJIKUBAHUU K MX IpeneabHOH dopme. IlomydeHb! sKcliepuMeHTaTbHbIE IapaMeTpbl HOPMAaIbHBIX PACIPEIeIeHUN OTKIOHEHHT
IyTell BBITATKUBAHUH I PA3IHIHBIX BXOAHBIX 3HAYEHUH.

Kirouessrie cioBa — amroputm RSK, coorsercreue RSK, rabnuna IOura, mepa Ilnanmepens, kpusas Bepuinka — Keposa, myTs BbI-
TaJKABAHUH, [IpefenabHas hopMa, THHEHHO YyIOPA[0YeHHOe MHOKECTBO, YHCIEHHBIH DKCIIEPUMEHT, aCHMIITOTHYeCKasd KOMOHHATOPHKA.
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BBegeHue: npy nepemMeLeHum rpy30B B KOHBEHEPHON CUCTEME HEOBXOAMMO MUHUMU3NPOBATD He TOSIbKO BPEMS TPAHCTIOPTUPOBKH,
HO Y 3HePruko, 3aTPaYNBAEMYIO Ha ITO NepeMeLyeHne. IHePrus NnepeMelLLeHns SBASETCS He JeKOMMNO3UPYEMON o pe6pam QyHKLMeN,
YTO He M03BOJIAET NPUMEHNTD K 03HAYEHHON 3aZa4e KJTacCUYECKUe anropuTMbl MapLIpyT3aumm. Ljenb: paspa6oTaTb anroputm Mapiu-
pyTHM3aLymm, afanTUBHBbIA K U3MEHEHUSAM B TOMOIOrMM rpada MapLIpyTM3aLmm  CrioCo6HbIA ONMTUMU3NPOBATL BPEMS JOCTaBKU 1 3a-
TPaYNBaEMYH 37IEKTPOIHEPTUIO. Pe3ynbTaTbl: NPESNIOXEeH anroputM Ha OCHOBE MyJIbTUAreHTHOro I7Iy60KOro 06y4YeHus ¢ nogxkpene-
HUeM, oOMeLLaroLMH areHTOB B BEPLUMHbI rpagha KOHBEHEPHOH CETH, UCTOb3YIOLMI HOBYH (YHKLMIO LIEHHOCTU COCTOSHUI. AJITOPUTM
MMeeT [1Ba HaCTpanBaeMbix NapameTpa: A7nHy MyTH, M0 KOTOPOW CYNTAETCS GYHKLMS LLEHHOCTH COCTOSHMS, U KOIYGUUMEHT 06ydYeHns.
bnarogaps nog6opy napameTpoB BbISBIEHO, 4TO ONTUMAsIbHbIMM 3HAYEHUSIMU ABASIOTCA 2 M 1 COOTBETCTBEHHO. Ha ocHoBe akcnepu-
MEHTabHOro UCC/IEZ0BaHNUS anropuTMa C UCrosb30BaHNEM CUMYIALNOHHON MOAEN YCTAHOBJIEHO, YTO €ro MpUMEHeHUe No3BoNseT
CBECTU K HYJIK0 YMCII0 CTOIKHOBEHMI NepemeLyaeMbiX 06beKTOB, 06ecreynBas JOCTIKEHNE YCTONYMBBLIX PE3YbTaTOB PaboTbl 10 060-
MM ONTUMU3UPYEMBIM PYHKLMOHANAM, & TAKXKE IPUBOAUT K MEHbLIEMY MOTPEBIEHNIO 3NIEKTPOIHEPTUM B CPABHEHUN C PeGEPEHTHbIM
anroputMoM. [pakTUYecKas 3HaYNMOCTb: NPELTIONEHHbINA aNropUTM MOXET 6bITb MCMOJIb30BaH J/19 YMEHbLIEHNUS BDEMEHU U SHEPruu
BOCTaBKM NPU yrpaBieHnN KOHBEAEPHBIMYU CUCTEMAMY.

KnioueBble cnoBa — MapLupyTu3aLus, MyJibTUAreHTHoe 06}/’~IEHME‘, O6y'~IE’HMe C [ogKpernieHnem, KOHBeﬁepHaH JIeHTa.
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Mmut, 2022, Ne 6, c. 10-19. doi:10.31799/1684-8853-2022-6-10-19, EDN: LKVJNA
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Bsenenune

OmHWM ®3 TIACTOB PAa3BUTHS COBPEMEHHOMN
MIOCTHHYCTPUATHHON [UBUIU3AIUN  SBISETCA
yIeIIeBIeHNE [OCTABKY TPY30B 32 CYET MOCTPOEHUS
CJIOKHBIX JIOTUCTUYECKUX I[EIIOYEK MeKIy IleHTpa-
MU TPOW3BOJACTBA W [0 KOHEYHOrO IMOTPEeOUTes.
MuHuMHU3aLKs 3aTPAT HA IOTUCTUKY U yIIPABJICHUE
JIOTEICTUKOH [T03BOJIsIeT (POPMUPOBATH HOBbIE OU3HEe-
CBI B IAPAIUTME JIOTUCTUKA-KAK-CEPBUC, K KOTOPHIM
OTHOCSATCH KOMIIAHUU II0 JOCTABKE €Ibl M IPOLYK-
TOB M KOMIIAHUH, CBS3LIBAIOIINE TAKCHUCTOB U IIO-
TpebuTeneii [1].

OxHOBPEMEHHO C 3THUM PACTET U YHUCIO MaTeMa-
THYECKUX ITOCTAHOBOK TAKOTO POja 3a1a4, MbITA0-
muxca Bobpars B ceba Bce 6ombire haKTOPOB, YTO-
ObI 00ecreYnuTh TPUMEHHMOCTH HANIEHHOTO aHa-
JATHYECKUM WM BBIYHUCIUTEIBHBIM CIIOCOG0M pe-
[IEHUs K UCXOIHOM ITPobiieMe peajbHOro Mupa. JTo
[IOposkIaeT 6oraroe U HEOLHOPOLHOE CEMEHCTBO Ma-

TeMaTHYEeCKUX [IOCTAHOBOK 3a1a4 MapIIPy TH3AIUH,
TATOTEI0Iee K POCTY YHUC/IA YYUThIBA€MbIX OTPAHU-
uyeHui [2].

OnHo W3 NPUHIUNHUANBHBIX W Hauboiee yHU-
BEPCAJBHBIX TAKHUX OTPAHHUYEHUH — TpeboBaHUE
aIanTUPYEeMOCTH peIlIeHHus K U3MEeHEHHIO HCXOJI-
HBIX YCJIOBUH 3a1a4u, HAIIPUMeEP TOIO0JIOruu rpada
[2—-4]. 9To TpeboBaHue MPOAUKTOBAHO PETYIAPHBI-
MU HeIpeACKasyeMbIMHU BO3MEHCTBUAMHU BHEITHEH
niusa npobimembl cpexbl. Hampmmep, Ha moporax
BO3HHMKAIOT NPOOKH, KAHAJBI CBA3U OOpPBIBAIOTCH,
IIyTH TOABO3a IOBEPTalOTCi €CTECTBEHHBLIM pas-
pPYyILIEHHUAM.

Hacrosamas pabora mocssieHa 3ajade MapIipy-
THU3aIIUN HITYYHBIX TPY30B B KOHBEHEPHBIX CHCTE-
max. OHa BO3HHMKAET B IMPOMBIIIJIEHHOM ITPOU3BO/I-
crBe [6, 7], B aspomopTax B CHCTEMAaX paclpeae/eHus
6araxxa [8], B Terumumnax [9]. Takue KoHBeliepHBIe
CHCTEMbI XapaKTEePU3YIOTCSA BBHICOKOW 3HAYUMOCTBIO
OITHMH3AIINHY ITOTPEOIIEMON dIeKTPosHeprun [5].
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[Menvo maHHON cTaThW ABJISETCSI paspaboTka
aJropuTMa MapIIPyTU3AINH, ATAIITHBHOTO K U3Me-
HEHUAM B TOITOJIOTHH rpada U CrocoOOHOr0 OITUMH-
3UPOBATh BPeMsA JOCTABKHU U 3aTPAUNBAEMYIO JIEKT-
posuepruio. B kKadecTBe OCHOBBI Ay pa3paboTHKU
anropuTMa ObLI BBIOPAH TOIXO], HMCIOJIH3YIOI[HAL
MyJIbTHAT€HTHOE IIy0oKoe o0ydueHHe C IOZKpel-
JIEHWeM, IIOCKOJIbKY MYJbTHATEHTHbBIE IIOAXObI
M3BECTHBI XOPOIIEeH amalTHBHOCTBIO O] YCIOBHA
cpenbr [10], a riry6okoe 00yueHwMe ¢ MOAKpPeIIeHueM
03BOJIAET 00yYaTh CIO0KHBIE MOJEIH YIPABIEHUA
[11].

(I)OpMaJIBHaH IIOCTAHOBKA 3aJaIu

Sajgaya MapuIpyTU3aIMU CTABUTCA IJIS HEKOTO-
poro rpada G = (E, V), rne E — mHOKecTBO pedep,
a V — mHo)ecTBO BepwinH. Bynem mosarars, 4To
rpad opmeHTHpOoBaHHBIM. HasoBeMm rpysoM 005-
eKT, KOTOPBIH OymeT TPaHCIOPTUPOBATHCA IO JaH-
Homy rpady. Heobxomumo oreHMBATH 3aTparhl HA
JIOCTaBKy Ipysa U3 BepiiuHbl b B Bepmuny d. i
9TOr0 OygeM CcYuTaTh, YTO H3BECTHA CTOHMMOCTH
c(i, j) raxmoro pebpa (v;, vj)EE. B mamnom rpa-
(e mpu 3amamHbIX b U d HEOOXOMUMO IIPOJIOKUTD
MapIpyT HAaUMEHbIIeH cTONMOCTH U3 b B d:

n
z c(i, 1+1) > min. 1)
=1
v;=b
(v;0;,1)eE
d

l)n:

Paccmorpum 6Gosiee dacTHBIN ciydyail, a WUMeH-
HO IIOCTAHOBKY 3aJa4Yy MapIIPYTHU3AIUHN IJI KOH-
BeliepHbIX cucTeM. Mopenb MOKHA YYHUTHIBATE:
1) BO3MOKHOCTD CTOJIKHOBEHUS TPAHCIIOPTUPYEMBIX
IPy30B, UTO ABJIAETCA KpaiiHe HexeJaTeJIbHBIM CO-
ObITHEM IIPU TPAHCIOPTHPOBKE; 2) 3aTpauuBaeMy 0
HAa IepeMelleHne SHePTruio. OTH OrpaHudYeHus Gop-
MHPYIOT MHOKECTBO (DYHKI[M OlIEHKH Ka4eCTBa pe-
[IEHUS.

OrcyrecTBrHe CTONKHOBEHHU TIpPY30B SBJISETCS
KPUTHYECKH BAKHBIM YCIOBHEM MAJs PaboThl aj-
rOPUTMa MAapIIPYTH3AIUNA KOHBEHEPHBIX CHCTEM.
dopmanusyem sTO ycioBue. Bsemem mnapamerp
d > 0, xoropslit Gymer oTBeYaTh 32 MHUHUMAJILHOE
IOIYCTUMOE PACCTOSHUE MENKIy TpPy3aMu; eCiu
B KAKOH-TO MOMEHT BPEMEHH pacCTOsHHe Oymer
MenbIiie d, To cucrema Oymer UKCHPOBATH (PaKT
cTonkHOBeHus (puc. 1).

SarpaunBaemMas Ha IepeMelleHne SHePrus XOTs
¥ TIOJIOKUTEIBHO CKOPPEIHPOBAHA CO BpEMEHEM J10-
CTaBKHM, HO HE 9KBUBAJEHTHA eMy. B KOHBelepHbIX
JIEHTaX SHEPrusA TPATUTCI Ha IIepeMelleHNe JIeHThI
110 yYacTKy IyTH, & He Ha IepeMeleHrne KOHKPeT-
HOTO Tpy3a, II09TOMY COBOKYITHAS SHEPrus, IOTpa-

>d <d

e — — —>
I'pys A I'pys B I'pys B

CronkuoBenue rpy3os b u B

B Puc. 1. Ilpumep cTOIKHOBEHHS IPy30B HA KOHBELHepe

B Fig. 1. An example of collision of cargo pieces on a con-
veyor

YeHHAsd Ha IepeMelleHre HECKOJIbKUX TI'PYy30B II0
OAHOMY JJIMHHOMY y4YaCTKY IIyTH, MOKeT OKa3aThCs
MEHbIIIe, Y4eM SHEPTHd, IOTPaYeHHasd Ha IepeMelle-
HHE OTIEeJbHO KajKIOro rpy3a Ha HECKOJbKHUX KO-
POTKUX ydyacTKaX MyTH.

Ilna omucaHus 3aTpaYyMBA€MOU JSHEPIUHU ObLIa
ucmoab3oBana gopmyna [12]

Mc(mb)'V

P(V)==

; )

rme V — MrHOBeHHAas CKOPOCTBH JEHTHI KOHBeHepa;
M, — BenmnumHA MOJTHOTO COIPOTHBJIEHUS JBHIKE-
HUIO, KOTOPAfA 3aBUCHUT OT MACCHI BCEX 00BEKTOB 1,
nepemetaomuxcsa Ha geate; p — KIIJ xKomeeiiep-
HOU CHUCTEMBI.

C TOYKHM 3peHUs MOCTAHOBKH 3aJa4Y¥ OITHMU-
3anuu oTandue (PyHKI[MOHAJTA DHEPTUH OT (PyHK-
[HOHAJa BPeMeHH JOCTABKHU 3aKJII0YAeTCA B Oojee
CTIOJKHOM MaTeMaTU4ecKOH MIPUpPOo/ie TIePBOTOo, ABI-
IOIIEr0CsI He JeKoMno3upyemvim no pebpam u 06%s-
eKmam, 4T0 3aTPyMHSIET IOWCK pPelleHus KJIaCCH-
yeckuMHu anaroputMaMu. PyHKIHA HA3BIBAETCA Jie-
KOMIIO3MPYEMOI, eCJIH €e MOKHO Pa3JI0KUTh Ha OT-
menbHBIE yacTu. Hanpumep, BpeMs JOCTABKH Ipy3a
MOJKHO IIPEACTABUTH KAK CYyMMY 3HAYEHUHN BpEeMeHN
o pebpam. B ciydae sHepruu maHHOE pasioiKeHUe
HEBO3MOJKHO, IIOCKOJbKY 3HAUYeHUE 3aTPadInBaeMOK
9HEPTrUU ABJIAeTCd TUHAMUYEeCKON BeJINUNHOU, OIU-
cbIBaeMoi hopmynoi (2).

MapmpyTH3amnus Ha 0OCHOBE 00y4JeHHuA
C MOJKPeIIeHneM

Kraccuyeckue anropuTMbl MapIipyTH3auu, Ta-
Kre Kak, Hampuwmep, axroput™m Heiikcrpsr [13], He
MO3BOJIAIOT PEIIaTh 3a/ady MOWCKA ONTUMAJIBHOTO
I10 He IEKOMIIO3UPYeMOMY 110 pebpam ¢y HKIIHOHATLY
myTtu. [IpuMeHuMBbIM [JIS TAKOrO pojaa 3ajad Mo-
X0OM ABifAeTca O0ydeHWe C IOAKPEILUIeHWEeM, II0-
3BOJIsTIONIEE paboTarh ¢ 6osiee MUPOKUM CEMEHCTBOM
(yHKITMOHAJIOB, YeM KJIaCCUYEeCKHe aJIrOpUTMBbI [14].

O6yuenue c mogKperyieHHeM fABIgeTca o06Ja-
CTHI0 MAIIMHHOTO 00yUYEeHUS U OTIIMYAETCS B IIOCTA-
HOBKE 3a/1a4¥ HaJIWYWeM B3aMMOJEHUCTBUS areHTa
CO Cpefol, KOTOpoe 3aKIIYAeTCs B HTEPATUBHOM
COBEpIIIEHUY AeHCTBUI ATEHTOM U IIOJLyYEeHUH B OT-
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BeT Harpajnbl. B mporecce o0yueHHS areHT HIINET
OIITUMAJBHYIO CTpaTervio s Hawmboiee sdex-
THBHOTO C TOYKH 3PEHUS BBEIEHHOr0 ()yHKI[HMOHA-
jla B3aUMOJEHCTBUA cO cpemoii. PasBurue HelpoH-
HBIX ceTed cOPMUPOBAJIO TOAPA3AEN] TIyOOKOTro
obyueHusa ¢ moakperneHueM. J[aHHBIH TOAXOH HC-
MOJIb3yeT HEIPepPhIBHYI 00pPATHYI CBI3b, YTOOBI
THOJICTPAMBAThCA IIOJ TEKYIee COCTOIHHE CPEJbI.
ITO TO3BOJIIET CO37ABATh AJTOPUTMBI C BBICOKHUM
YPOBHEM aJalTHUBHOCTH II0J] U3MEHYUBbIE YCIOBUI,
4TO ABJAETCA KpaliHe BaXHBIM CBOMCTBOM IIPU pas-
paboTKe aJIrOpUTMOB MAPIIPY TU3AIINH JI5 KOHBEL-
€pHOI ceTH.

Q-routing

Anropur™M Q-routing MCIOIB3yeT B OCHOBE Me-
Toz OOydeHUs C MOAKpeIlieHreM, HO 6e3 HeHpOoH-
HbIX ceTed [15]. ¥YmobHO cumTaTh, YTO B KAKIYIO
BepIIMHYy rpada MoMeIeH areHT, a BbIOOp cocena
[T TIepeavyu IPysa SBJAeTCSI CIIMCKOM JOCTYITHBIX
neticrBuii. C Kamx0i BEPIIMHOH acCOIMHPOBAHA
TabIUIla OIEHOK OKHIAeMOM HArpajabl MPU BBHIOO-
pe TOro WM WHOTO COCela IS MEePEeChLIKH Ipy3a
Q.(d,y), Tne x — Texymiad BepIIMHA, B KOTOPOH Ha-
XOAUTCA TPY3; d — KOHEUHBIN IMYHKT HA3HAUYECHWUT,;
y — OOWH W3 cocefliedl BEepIIHWHBI X, Kyaa Iepeme-
crures rpys. Haxonsick B BepIIWHE X W CTPEMSCH
HAIIPaBUTh O0BEKT B KOHEYHBIN IIYHKT d, IIPH Iepe-

7

CBIIIKE TPy34a B BEPIINHY y areHT MOJYYUT HATPALY
Q.(y, d). IlockonbKy areHT crapaercd MaKCHMH3H-
poBaTh 3HaYeHUE (PYHKIUHU (), TO ero HEBO3MOKHO
KCIIOJIb30BATh JJIsI MHUHHMHU3AIMH CPEeIHEro Bpe-
MeHu jqocTaBku. Ilpumnuinem Becam Bcex pebep oT-
pHIlaTeNIbHBIH 3HAK U Telepb PACCMOTPUM B TAKOM
rpade 3amauy MaKCHMU3ALHMK CPESHEr0 OTPHUIa-
TEeJIBHOTO BPEMEeHU J0CTABKH, PellleHrne KOTOPOoH Oy-
IeT COBIIAAATh C pPelIeHueM UCXOHOH 3a1adu.
Husre npencrasiena gopmysna, o KOTOPOH mpo-
HUCXOAAT OOHOBJIEHUS 3HAYCHUH PYHKITUH Q):

Q7 (s) = Q(s) + alr + YQ(s") — Q). 3)

JlauubIil moaxon 06aagaeT XopoIeld rubKoCThIo,
5TO CBA3aHO C IIOCTOSHHBLIM IIOJIy4eHHEM aKTy-
ambHOU OIEHKU NeUCTBHUHU areHTa u3 cpenbl [16].
CylecTBeHHBIM HEIOCTATKOM AJITOPUTMA SBISIETCS
BBICOKOE MOTpebIeHne IaMaTH, IIOCKOJIbKY IMof Tab-
JIMIBI OI[EHOK HeO0OXO0AUMO BBIEIUTE MECTO.

DQN-routing

Anropurm DQN-routing 6s11 omucan B pabore
[17]. BazoBas umges BgoxHoBIeHa aaropurMom DQN
[18]: o6HOBIeHHA 3HAYECHHH Q-PYHKI[UK ATIITPOKCH-
MUPYIOTCSI HEHPOHHOH ceThio (puc. 2).

Ona mpezncTaBiseT ceTh MPSIMOTO pacIpocTpa-
HEHHsA C [BYMS CKPBITBIMH CJIOAMHU, pasMep Kamkmo-

d=5 n

Il
—

Lofofofols] [afofofe]o]

N

y=42, 3} Ag
[1]1]o]o
1110
loft]1]o]o] e
1

[ IlonHOCBABHBIN ci0#, 64 HelpoHa ]

l tanh

[ ITonuocBA3HBIH ci0i, 64 HelpoHA ]

l tanh

Ecnuy = 0, To 0, uraue 0

[ ITonmoCBs3HBLH ci10ii, 5 HEHPOHOB ]

l JIuHEeHHBIH

®
l

[ Lo ]| =]

B Puc. 2. Apxurekrypa neiponsoi ceru DQN
B Fig. 2. Architecture of the DQN neural network
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ro cjos cocrasisfer 64 neiipona. Caou coeqUHAIOT-
ca pyHKIMEeH aKTUBAIMU THUIEePOOTHIEeCKOTO TaH-
renca. Hefipounas cerp npunumaet uHa Bxox 1) d —
BEePIINHY Ha3HAYEHHUA; 2) X — TEKYIIYIO BEPIIUHY;
3) ¥y — ommoro us cocexeit x; 4) rpad G, mpu 3TOM
17151 IPEICTABIEHUSA Tpada UCI0Ib3yeTCs MaTPUIA
CMEKHOCTH, a JJIs IPelCTaBIeHUI BePIIUH — IIpsd-
MOe KoampoBaHHEe. BEKTOpPOM IpPAMOro KOJUPOBa-
HHUA BEPIIUHBI BBICTYIIAET BEKTOP IJIWHBI, PABHOU
YHCIy BEpPIIMH B rpade, B KOTOPOM HA IO3UIUH
HOMEpa BEPIIUHBI CTOUT €IUHUIIA, HA OCTAIbHBIX
TMO3UITUAX CTOAT HyJHu. Takoidl MeTo] KoIupoBaHUS
nomoraeT nu3bexars KOPPesiiun MeKIy HoMepaMu
BEPIIKH, 4TO MTOBBIIIAET KauyecTBO paboTsl cetu. Ha
BBIXOJI€ CETh BO3BpAIlllaeT OIEHOYHYI0 CTOMMOCTD
IIyTHU TIpU BbIOOpE B KAUecTBe CIAEAYIOIeH BepIlu-
HBI HA Iy TH TPAHCIIOPTHPOBKHY I'Pysa cocea y.

Jauubiii mogxon obsamaer OOJbIIEH aganTHB-
HOCTBIO II0 CPABHEHHIO C aJropurmMom Q-routing,
OMHAKO UMeeT HeJIoCTAaTKU. Bo-mepBhIX, OH IOTPeD-
JIZeT MHOTO HaMSATH, TAK KaK XPAHUT BCIO MATpPH-
Iy CMEKHOCTH B KaiKIOM y3JjIe, 4TO AejiaeT JaHHbIH
TIOAXO/ IPUMEHUMBIM TOJHKO Ha rpadax pasMepHO-
ctu nopsgka 100— 200 Bepmua. Bo-BTopsIx, Tpeby-
erca npefaobydeHne CeTH.

DQN-LE

Passutuem anropurma DQN-routing sBasercs
anroput™m DQN-LE [19]. OcHoBHOe ynyuiienne co-
CTOHUT B TOM, YTO YIAJI0Ch H36aBUTHCA OT HEOOXOIH-
MOCTH IepeiaBaTh MATPHUILY CMEKHOCTH, IIOCKOIBKY
Temepb 0 HOMEpPaM BEPIIHH CTPOATCI BEKTOPHBIE
mpezacrasienns [20], KoTopbie oTpakamT Mepy O0JIu-
3ocTu BepiinH. PyHKIIUA aKTUBAIMK ObLIA 3aMe-
nena Ha ReLU, uto ocnabumio mpobiemy 3aTyxauus
rpajveHTa ¥, KaK CJIeJCTBUE, YBEJIUUHUIO CKOPOCTh
00y4YeHUA arTeHTOB.

Hecvotpsa HA TO, 9TO JAHHBINA IMOAXO] JEMOH-
CTPUPYET JIy4Ilre pe3yiabTaThl paboThl B KOHBEH-
€pHOM cHucTeMe, aJITOPUTM UMEET PAJ] HEJJOCTATKOB:
1) coxpanseTcsa He0OXOAUMOCTE IIPEIBAPUTEIHLHOTO
00yueHuUsT; 2) IPUOIHUIKEHNE OLIEHOK Iy Tel CUUTAeT-
¢ HeI0CTATOYHO TOYHO, YTO IMIPUBOAUT K BHICOKOH
QUCIepcuu TpH paboTe anropurMma; 3) HE3HAUHU-
TeJIbHOEe YHUCI0 TapaMeTpPOB He I03BOJIIET IIPOBO-
IUTH 60JIee TOHKYI0 HACTPOUKY PaboThl aJropuTMa.

Aaroputm DQN-Path

Oo0uree ommcanue aJIropuTMa

IIpennmaraemslii B HacTosmIe# pabore aaropuTm
DQN-Path ocuoBan ma anropurme DQN-LE.

Cpeqoii 1is areHTa BRICTYIIAeT KOHBelepHad CU-
crema. B xkauecTBe Harpaabl UCIOIB3YIOTCA 3aTpa-
yuBaeMas dHEepPrus W BpeMs Ha IepeMeleHue rpy-
3a, B3ATOE C IIPOTHUBOIOJIOKHBIM 3HaKOM. VIMeHHO
B TAKOM ClIydyae MAKCHMH3AIUA IOJIYyYeHHOU Ha-

xq X9 X3 d

Ay Ay As Ay

B Puc. 3. Ilpumep mepemernieHus OgHOTO rPy3a

B Fig. 3. An example of a single cargo piece transporta-
tion

rpazbl GyZeT COOTBETCTBOBATH MHHUMHUBALNHU 3a-
Tpa4veHHbIX BPEMEHHU U OHEePIruu.

B BepmmHe x; pacroso:eH areHT, C KOTOPBIM
acconMMpoBaHa HeHpoHHad ceTh A; (apxUTeKTypa
KOTOPOI nokasaHa Ha puc. 2). HeiiponHras cets npu-
HHUMaeT Ha BXOJ BEKTOPHBIE IIPECTABIEHU COCe/-
Hell BepIINHBI Y ¥ HAIIpaBJIeHUA TPAHCIIOPTUPOBKHU
d, a Ha BBIXOJ BO3BpAIllaeT OKHUJAEMOe 3HAUEHUE
Harpazasl (). AreHT IPUHUMAET pelIeHue, UCII0Ib-
3ysd CTOXaCTHYECKUH IIOAX0, onupasch Ha softmax-
CTpPATEeruio, IPU KOTOPOU BEPOATHOCTH BHIOpPATH
cocefa y AJIs MEPECHhLIKU eMy I'py3a OIpeaessieTcs
CIIeYIOIINM 06pas3oM:

p(y)= 4. d) . @)

Zyj:(xi,yj)eEAi (yj’ d)

OcuoBHoe ornmume anroputrmMa DQN-Path or
DQN-LE zaxmrouaerca B oOyuenun areHToB. s
00BACHEHUsT BOCIOJb3yeMCS pHC. 3, Ha KOTOPOM
n300pakeH MapIIpyT ABH:KeHHA TIpysa. Uepes x;
0603Ha‘{eHbI BEpPIINHbI, Yepe3 rt — IIOJIy4YEeHHbIe
Harpajel, yepes A, — HerOHHbIe ceTu areHTOB
B COOTBETCTBYOIIMX BepINIUHAX, d — BepIIMHA Ha-
3HaueHwus mepemeriaemoro rpysa. O6yuenue arenra
B BEpIIMHE X; IPOHCXOAHUT CIERYIOIIUM 06pasoM.
Ilocie mpuHATOrO areHTOM pEeLIeHUd I'Py3 OTIPAaB-
JseTcs B BBIOpAHHOM HAIIPABJIEHUH, U 110 JOCTHKE-
HHUHN UM cne,z[yfomeﬁ BepIINHBI MO¥HO IIOCUHUTAaTb
peajbHO 3aTpadyeHHbIe BPEeMs W DHEPTHI0 W, KakK
CIeJICTBHE, BBIYUCIUTD HATPAAy I;, IOTYYEHHYIO
33 IPOXOXKJEHHe BBIOPAHHOTO ATEHTOM yJacTKa
KOHBEHUEPHOM JIEHTHI.

YTOo4HEHHEe OLIEHOK

B anxropurme DQN-LE o6yuenue arenra B Bep-
IIMHEe X; IIPOMCXOIUIO 3a cdeT 06paTHOTO PacIpo-
CTPAHEHHUsA OIIUOKM, KOTOpPas BBIYUC/IANACH Kak
KBaJpar HEeBSI3KW HAOII0[aeMOro 3HAYEHUs IIeHHO-
cTu @Q-PYHKIIUY U ee IPeCcKa3aHusd:

Loss(4y) ||Q1 Xg, d)—A; (g, d)"z, (5)

I7e 3HaYeHHe Q) (x2, d) OIIpeesiiioch Mo hopMyIe

Q1 (g, d) =1, + Ay (a3, d). ®
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Crexyer o6paTuTh BHUMAHHUE, UTO OLIEHKA OKU-
JaeMoi Harpajbl, UCIOJAb3yeMas B ypaBueHuu (6),
ABJIAETCA B 3HAQUUTEJHbHOU CTEIeHN HETOYHOU, YTO
MOJKET IPHUBOAHUTH K OOJBIIOH AUCIEPCHU PEe3yib-
TaTOB, KaK IIOKA3bIBAIOT OIMCAHHBIE B CIEAYIOIIEM
pasjelie SKCIIePUMEHTHI. ¥y TOUHEeHNEe OIeHKH ITPUBO-
IUT K YMEHBIIEHUI0 ee cMelleHHocTH. J[aa moctu-
JKEHHUS DTOTO 00paTHMCS K CTAHAAPTHOW dopmyiie
[IEHHOCTH COCTOSHHUSA JJIsI 00y4eHUs C MOJKpeIlie-
HueM 6e3 MCIIOIb30BAHUS HEHPOHHBIX CeTeH C Of-
HHM areHTOM, 3alHCAHHOH B KJACCHYECKOM BHIE
[16], B KOTOPOIT IEpECYUTHIBAETCS OIEHKA IIeJIeBOHU
(pyHKIIHH TT0CIe COBEPIIIEHHOTO AeHCTBUI B COCTOMA-
HUU $ U IIPU IIepexoJie B COCTOAHUE S’

Q(s)=Q(s)+a(n, +1Q(s)-Q(s). ™D

I[lepemnumieM ee B ClIeAyOLIEM BAE:
Q(s)=Q(s)(1-0o) +a(r, +1Q(s)).  ®
Jlasee cOBEPILINM 3aMEHY:
Q(s) = Q(s)(1- ) +1@'(5), ©
e
Q'(s)=r, +1Q(s"). (10)

Ypasuenus (6) u (10) mox0Ku, HO HUMEIOT CIELY-
0I[He PA3IHIU:

1) B ypaBHeuuu (6) uMeOTCI pasHbIe WHIEKCHI
¥y @, 9TO CBA3aHO C TE€M, YTO Pa3HbIM MHIEKCAM CO-
OTBETCTBYIOT Pa3HbIe areHThI;

2) B ypaBuenuu (10) mpoucxomut o0ydueHHe Me-
TOJIOM 9KCIOHEHI[MAJIBHOTO CKOJIb3SAIIEr0 CPEeIHEro,
B OTJIMYHE OT MEeTO[a 00paTHOrO PacIpoCTPaHeHUs
OIIMOOK, MCIOJIb3YIOIIEr0 OUINOKY K3 ypaBHEHUS
(5);

3) B ypaBHeunuu (10) ucmonbsyercs kosgppuyu-
enm obyuenus y. JJobaBus ero k ypasuenuro (6), mo-
JIy9uM

Qi (xg, d) =1, +vAy (x5, d). (11)

Crenyromas uaes I yIydIIeHWs STOU OIeH-
KH COCTOUT B TOM, YTOOBI 3aMEHHTH 3HadyeHHe A,
Ha @y, T. e. BMECTO IIpeCKA3AHUA OLIEHKU CIIeRY-
IOIIIETO areHTa BOCIOJAb30BATHCA IIOJyYEeHHOU IeH-
HOCTBIO COCTOSIHWS. PacmuiineMm, B CBOIO OYepelb,

OIEHKY Q)9
Qs (x3, d) =13, +vAg (x4, d). (12)

IlogcraBuB sTo 3Havenue B ypaBuenue (11), mo-
JIYIUM

Qi (xq, d) = m +y(rt2 +7Ag (x4, d)), (18)

Q1 (xq, d)= Tyt + y2A3 (x4, d). (14)

IIpomomxue 3ameHy Ha 3HAYEHUA (QYHKIUH
B CIEAYIONIUX BEPIIMHAX, MBI IPHAEM K 06001[eH-
HO# hopmye

k.
Q1 (xq, d)= r, + Zyl_lrtl , + ykAk (xp, d). (15)
=1

IloncraBus ee B ypaBHeHue (5), moIy4uM 3HaUe-
HUe OUOKY g 00ydeHns HEeHPOHHOM CeTH.

HcnonbsoBanue ypasuenus (15) mpu ob6ydueHun
[I03BOJIAET YyTOYHATH OLIEHKY I[EHHOCTH Iy TH 34 CYET
KCII0JIb30BaHUA 00y4eHNs He II0 OJHOMY IIIary, a Io
gactuuyHoMmy Mapmpyry. [lomyunnaace orHOCHTEID-
HO HeCJOXHAsA (PopMysa, 9TO ABIAETCI HECOMHEH-
HBIM ILJIIOCOM JJI peajm3anuu ajxropurma. Kpome
TOTO, AJITOPUTM CTAJ TAPAMETPUIECKHUM, ITOCKOJIb-
Ky Temepb ero pabora ompeesercs Kos(uiiuen-
TOM O0y4YeHUd Y ¥ JIIMHOHU YACTHIHOTO MAPIIPYTA.

CTOUT OTMETUTD, 4YTO 00y UeHHE ABIAETCI ACUH-
XPOHHBIM, IOCKOJBKY IIPOUCXOIUT UMEHHO II0 4a-
CTUYHOMY MapUIpyTy Ipys3a, & He II0 IMOAIOCIENO0-
BATEJIbHOCTH IIIATOB areHTa. JTO XOPOIII0 BUIHO U3
WHIEKCOB HATPajbl, IOJyIeHre KOTOPO IIPOUCXO-
OUT He B IIOCJIeJOBaTelIbHbIE MOMEHTHI BPEMEHH.
Crporo roBopd, o0yueHHe IPOHCXOJUT HA OCHOBE
OHOTO ILIara KajkJoT0 M3 areHTOB, COOTBETCTBY-
OIAX BEPUIMHAM OTpPE3Ka MapuipyTa Iepexavyu

rpysa.

IIpoToKO0IBI OGIIIEHUA ATEHTOB

W3 ypaBuenus (15) BugHO, 94TO A1 pabOTHI AIr0-
puTMa HEOOXOTUMO XPAHUTH MCTOPUIO IOCEIEHWUS
MOCTAeTHUX k areHToB IPy30M, TaK KaK 3HAYEHUS
Harpaj 9TOro IMyTH KCIIOJB3YIOTCA B (DOPMYyJIe I
00y4ueHuUs.

OcHoBHAf ueA IPOrPaMMHON peaan3aluu 3a-
KJII0YAeTCs B CO3MaHUU Y KaMKIOr0 areHTa JIOKaJb-
HOTO XPaHWIHUIA, B KOTOPOM OyZyT XPaHHUTHCSH
HWCTOPUH MAPUIPYTOB TOJBKO YTO OTIIPABJIEHHBIX
rpysoB. B TakoMm ciydae coxpaHseTcsa eleHTpa-
JIN30BAHHOCTH BCEH CHUCTEMBI, IIPY STOM IIOJIyJIEHHE
uHpoOpMaIuu 00 UCTOPUH OyIET OCYIIEeCTBIATHCS
3a CYeT peasM3allUy IIPOTOKOJIA OOIIEHU areHTOB
Mesky co6oii. Onuiem paboTy IPOTOKOJIA B 06IIIeM
uge (puc. 4).

IlycTp arenTt A mosy4wus yupaBlieHHE OT CPEIbI
C 3aIPOCOM IPHUHATDH PEIIEeHHE O IEePECHIIKE TONb-
KO 4yTOo mpubBIBIIEro rpysa. Ilpeamomaraercs, 4To
rpys mpuexaj OT areura B, cooOTBETCTBEHHO, B €ro
JIOKAJIbHOM XPaHUJINIIE eCTh HH(OPMAIIUI O MaPIII-
pyre. Ilosromy ot A K B oTmpasisercsa coobiieHne
¢ 3ampocoM o mpubbIBIIEM rpyse. AreHT B, moumy-
YUB 9TO COOOIIEHNUE, yIAIAET U3 CBOEr0 XPaHUIUIIA
MH(MOPMAIIUIO O I'Py3€ U HAIPAaBJIAET ee areHry A.
Arent A 06HOBIIsIET HH(POPMAIIHIO, HCIOIb3YI IOJIY-
YeHHBIE JaHHbIe, U COXPAHIET B JIOKAIBHYIO KOIIHIO.
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msgy

msgy

msgp.o msgs

B Puc. 4. Numoctparus paboTel MPOTOKOJIA: MSE — TIe-
pechbLIaeMble MEKILY areHTaMH COOOIIeHNUs

B Fig. 4. An illustration of the protocol: msg stands for
messages sent between agents

Ecnu makomieH 1ocTaToOYHbIN MAPLUIPYT AJII 00yUe-
HUs, TO UCTOPHUS IIepemaeTcsa o 00paTHOMY ILyTH,
IIOKa He IPOUIeT k& BEPIIHH, IOCJIe 3TOr0 IPOUCXO-
IUT 00ydUeHHe OCIeHEr0 B 9TOM 3IU30]ie areHTa Z,
MOJIYYUBIIIETO BCIO HEOOXOUMYIO HUCTOPHIO.

IJKCIIEPHMEHTATHHOE HCCJIETOBAHNE
aJropuTMa

CumynanuoHHas MOJeIb U CIIeHAPHHU
TE€CTHPOBAHMUS

Jlnst mpoBefeHMsA SKCIIEPUMEHTOB HCIIOJIb30Ba-
Jach CUMYJIAIMOHHASA MOJedbh KOHBEHEepHOH CH-
CTeMBbI, Hpe,I[CTaBJIeHHOfI B3BCIIIEHHBIM OPUEHTH-
poBauHbBIM rpadom. Pebpam cooTBeTCTBYIOT YacTu
JIEHTBI, P 5TOM OPUEHTAIHA 0TO6paKaeT HATIPaB-
JIeHue JBUKEHWS, a BeC ABISETCI MEPOH IJIWHBL.
Bepmiunamu aBas0TCI KOHTPOJIbHbBIE TOUKH: CTAP-
TOBBI€ BEPIIWHBI U KOHEYHBbIC BEPIINHBI, 4 TAKKe
MecTa CTHIKOBKH KOHBEHEpHBIX JEHT (BCe OCTalb-
HBbIE BEPINHUHBI). B KamXIyl BEPIIWHY IOMEIeH
aresr. JleneHTpaIn30BaHHOCTH JJOCTUTAETCS IIYTEM
OrpaHUYEHUA BO3MOKHOCTH KOHBEMEPHOU CUCTEMBbI
00MEHUBATHCA COOOIIEHUAMU MEXKIY y3JIaMu, T. €.
KaKIbIH y3eJl MOKET MOChLIaTh COOOIEHUI TOIBKO
COCEHHUM y3JIaM.

CumynanuoHHaa MOJEeIb M03BOIAET PACCIUTHI-
BATh BpeMsd J0CTABKH, SHEPTHIO TOCTABKU COTJIACHO
ypaBHeHHuO (2), a TakKe PUKCHPOBATH CTOJIKHOBE-
HUS TPY30B.

Jlsi TeCTUPOBAHUS WCIIOAb30BAJIUCH BA THUIIA
cueHapus. IlepBblii THUN clieHApHA, 6e3 NOIOMOK,
paboraeT ¢ (PUKCHPOBAHHON TOIOJIOTHEH Tpada,
TIPHU ero BBITIOJIHEHWH CIyYaHHBIM 06pasoM mo06aB-
JA0TCA IPY3bI CO CILyYaiHO BHIOPAHHBIMY HAYAIb-
HOU BepInuHOM u3 B 1 KoHeuHOoM BepiinHOH u3 D.

Bropoit Tun cuenapwus, ¢ nosomkamiu, orodbpa-
sKaeT M3MeHeHHe TOIOJOTHH KOHBEWEPHOU CeTH.
B mHeM BO3HHKAIOT COOBITHSA TTOJOMKH W BOCCTAHOB-
JIeHU S KOHBEHEePHBIX JIeHT. JlaHHbIe COOBITHS IT03B0-
JIAT OIIEHUTDH BajKHeIIlee CBOHCTBO peaain30BaHHO-

ro ajaropuTMa, a MMEHHO CII0COOHOCTH aJITOPUTMa
K aJalTaluy B yCIOBUAX U3MEHAONeNca Harpy3Ku
U TOIIOJIOTHH CEeTH, a TaKKe CBOMCTBA OTKA30yCTOH-
YUBOCTHU. B 0CcTaThHOM OH IOBTOPSET IEPBBIH THIIL.

Kpurepuu cpaBHEeHHS AITOPUTMOB U OIIEHKA
CTaTHCTUIE€CKON 3HAYUMOCTH

KnroueBbiMu MeTpUKAMU CPaBHEHUS SIBISIOTCS
cpeaHee BpeMs JOCTABKM Ipysa, CPeIHIS dHEePTUd,
3arpadeHHad Ha JOCTABKY Ipy3a, ¥ YHUCJIO CTOIKHO-
penui. Hanuune cTONTKHOBEHUH HEAOMIYCTHUMO.

g mpoBepKM CTATHCTUYECKOH 3HAYMMOCTH
B paboTe WCIIOJIb30BAJICA KPUTEPHH YHUIKOKCOHA
I7d CBA3AHHBIX BBIOOPOK C yPOBHEM 3HAYUMOCTHU
0,05, mockoMBKY CpaBHUBAJIUCH IAphl Pe3yIbTATOB,
B KOTODPBIX KaKaas mapa 0bljia mpoTecTHpOBaHA HA
ONMHAKOBOM CIleHapuu paboTsl KOHBeepa.

JKCIIepHMEHTHI 0 IOA00PY NapaMeTPOB
anropurma DQN-Path

Anropurm DQN-Path wmmeer nBa mapamerpa:
IJIWHY Iy TH ¢ U K03 uiuent obyyenwns y. B uccie-
MOBAHHUU PACCMATPUBAINCH 3HAYECHUS IIapaMeTpa c,
paBHble 1 u 2. [l Kama0ro BapuaHTa JIWHEI IIyTH
BBITIOJIHEHBI 3aIyCKH C PA3JIHYHBIMHU 3HAUEHUAMU
mapamerpa y us auanasosHa [0,5; 1,5], cpexu HuUX
OCTaBJIEHbI BAPUAHTHI C HAWIYYIINMH Pe3yIbTara-
mu. Takumu okasanuch mapel: ¢ = 1,y = 1,01; ¢ = 2,
y=1;¢ =2,y =0,7. Takxe ObL1 100aBJIEH BAPHAHT
¢=1, y=1, 94TO MOJIHOCTHIO COOTBETCTBYET AJITO-
purmy DQN-LE. Jlns kasmoro m3 JaHHBIX aJro-
PUTMOB TIOACUYUTAHBI CPETHIE METPUKH II0 JAECATU
3amyckaM. PesynbpraTsl cpaBHEHUH ITPEICTaBIEHbI
B Tabu. 1.

Kaxk Bugno u3 TabauIlpl, 3HaAYEHUE IapaMeTpa Y
BJIHAET Ha Pe3yibTar paboTsl amropurma. Jlyqmmum
110 060UM KPUTEPHUAM ABIIETCA AJTOPUTM CO 3HAUE-
HUAMH IapamMeTrpoB ¢ = 2, y = 1. IMeHHO naHHEIE
mapaMeTphl aJITOPUTMA OBIIHM B3ATHI AJIA TECTHPO-
pauusi ¢ DQN-LE. Yucio cromkHOBeHHI BO Bcex
anropuTmax pasHO 0.

B Tab6auya 1. CpaBHeHue 3HAYEHWH TAPAMETPOB I10 CPef-
HUM [0Ka3aTeIsaM

B Table 1. Comparison of parameter values with respect to
mean time and mean energy

Cpenusasa
3aTpavyeHHas
DHEprus, ef.

Cpenuee
Anroputm BpeMs
IOCTaBKH, C

DQN-Path,c =2;y=1 56,025 53 829
DQN-Path, ¢ = 2;y = 0,7 56,095 54 120
DQN-Path,c = 1;y = 1,01 56,112 54 761
DQN-Path,c =1;y=1 56,367 55 370

(DQN-LE)
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IxcrnepumeHTsI Mo cpasHenno DQN-Path
c DQN-LE

ITockonbry anroputm DQN-LE mpesocxomur
KJacCHYecKre U HeHpoceTeBble aJTOPUTMBI C TOY-
KU 3PEeHUSA aJalTUBHOCTYA U BO3MOKHOCTH HCIIOJIb-
30BaHUA HEJEKOMIIO3UPYEMBIX METPHK, KaK OBLIO
mokasaso B [17, 19], cpaBueHue 6ymeT MPOBOIUTHCSA
C HUM.

s TecTHpOBAHUA AJITOPUTMOB ObLIO 3aUKCH-
poBano 20 cryyalHBIX CIleHapueB, HA OCHOBE KOTO-
PBIX CTPOUINUCH TPAPUKH U IPOUCXOTHUIO YCPETHE-
HHE MEeTPUK.

Ananus cyenapus ¢ nosomramu. Yucmo cToak-
HOBEHHUU y 060X aJropuTMOB 65170 paBHO 0 BO BCex
sanyckax. V3 rpaduka cpegHero BpeMeHH J0CTaB-
ku (puc. 5, @) HEMOHATHO, KAKOU W3 aJTOPHUTMOB
CITpaBHUJICA C OIITHMHU3aNVel JaHHON MeTPUKHU JIyd-
1re, aHaJU3 3HAYEHUH u3 Tabi. 2 TakKe He CBHUJe-
TEIHCTBYET O CKOJIBKO-TO 3HAYUMBIX YIYUYIICHUAX.
Opnako amropurm DQN-Path ormeuaercs 6Gomee
HECMEeIIeHHOW OIeHKOH, a CliefloBaTelIbHO, Oojee
CTabMIBHOM U IPOrHO3UPYEeMOH paboTo.

W3 rpadmra cpemueii sHeprun gocraBku (puc. 5, 6)
u 1abi. 2 3aMeTHO yaydllleHWe NaHHOH MEeTPUKH.
B mpoBemeH cTaTHCTHYECKUH TECT Y MIIKOKCOHA,
KOTOPBIH ITOKA3aJl yPOBEHb CTATUCTUIECKOH 3HAUH-
moctu paBHbIM 0,00059. UToro nmeeM ymMeHBIIIEHITE
CcpenHel SHEePTUH JOCTABKHY JJId JAHHOTO CIIeHAPHSI.

B Tab6auya 2. CpaBHeHVEe CpEIHIX JAHHBIX IJI CHEHAPUST
C TIOJIOMKAMHK

B Table 2. Comparison of the mean time and mean energy
for the collision scenarios

Cpennee Cpenuee | Cpepusas Cpennee
Anroputm Bpemd OTKJIOHE- | DHepTu4d, OTHIO
IIOCTaBKH, HEHUe,
HUE, C en.
c emn.
DQN-LE 56,047 1,153 51 960 625
DQN-Path 2; 1 56,029 0,309 51 756 507

B Tab6auya 3. CpaBHEHME CpETHUX JAHHBIX IJII CHEHAPUT
6e3 TI0IIOMOK

B Table 3. Comparison of the mean time and the mean
energy for the collisionless scenarios

Cpenuee | Cpennee | Cpexgusis | Cpemguee
Anroputm BpeMs OTKJIOHE- | 9HEPIH, | OTKJIOHEe-
IOCTABKH, C | HHe, C en. HUE, efl.

DQN-LE 55,141 0,701 51 960 625
DQN-Path 2; 1| 54,316 0,205 51 756 507
(mer crar.
3HAYUMO-
CcTH)

g
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— DQN-LE  —DQN-Path

Cpenuee suepronorpebienue
Ha JOCTaBK

B Puc. 5. 3aBHCHMOCTH CPEAHEr0 BpeMeHH (a) u CpefHei
sHepruu (6) JOCTaBKHU Ipys3a OT BpeMeHH paboThl KOHBele-
pa iIs ClieHapus € TIOJIOMKaMK

B Fig. 5. Dependence of the average delivery time (a)
and mean energy consumption (6) on conveyor belt sys-
tem operating time for a breakdown scenario

Ananaus cyenapus 6e3 noaomox. Kax u B npo-
LIJIOM CJIy4Yae, YUCJIO CTOJKHOBEHHUH y 060MX aJro-
puT™MOB 66110 paBHO 0 BO BCEX 3aIyCKax.

W3 raba. 3 cregyer, 4T0 He yAATIOCh CTATHCTHYE-
CKH 3HAYHMMO YJIY4IIUTH CPEJHEe BPeM: HOCTABKH,
OJHAKO yZajoCh COKPATUTH CpPeJHee OTKJIOHEHHE
3TOH BEJIWYHNHBI. HpI/I 9TOM CTATHCTHYECKH 3Ha-
YUMO YMEHBIIWIACH MOTPebaseMas SHePrus U co-
KPaTujoCh CpeJHee OTKJIOHEHWE 3TOH BEIUYHHBL.
CrarucTuyeckas 3HAYMMOCTD 110 CTATHCTHIECKOMY
Tecty Yunkokcorna pasaa 0,000006.

Takum 06pasoM, MOKHO 3aKJIIOYUTH, YTO IIPE]-
JIO’KEHHBIM aJITOPUTM IIOKa3bIBaeT 6ojiee yCTOHYu-
BYI0 paboTy ¢ TOYKH 3peHUs: 06enX PacCMOTPEHHBIX
METPHUEK, COKpalias CpefHee OTKIOHEHWE, a TAKKe
YMEHBIIIAET 3aTPaThl Ha UCII0JIH30BAHHY 0 SHEPIHIO.

3akaroueHue

B pesysnbraTe HaACTOAIIET0 HCCIENOBAHUS OBLI
paspa6oran aaroputm DQN-Path, Koropsrii pema-
eT 3ajady MapUIPpyTH3aIlluHU IITYyYHBIX I'Py30B Ha
KOHBEHMEPHOU JIeHTe Ha OCHOBE MYJbTHATE€HTHOIrO
rny6okoro obyuenus. HousHa anropurma 3akiio-
yaeTcsa B mombope (pyHKIHMU IIEHHOCTH COCTOSHHUS
IJIS areHTa, KOTopas BBIUYMUCIAETCS ACHHXPOHHO
IIJI1 IEPEMEIEeHUs TPY30B U [T03BOJIAET YIUTHIBATD
(bYyHKIIMIO IEHHOCTH COCTOSHUU BEPIIWH IIyTH, KO-
TOpbIe MPOXOAuT rpys. IIpoBenenHbIe SKCIIEPHMEH-
ThI IIOKA3aJIH, YTO WCIIOJIb30BAHUE IIPEIJIOKEeHHON

16 7/ VH®OPMALIMOHHO-YMPABJISIIOLLVE CUCTEMbI

7/ N26,2022



\ WHOOPMALIMOHHO-YMPABJSIOWLUE CUCTEMbl  \

(PyHEIIMH IEHHOCTH YBEJIHYUBAET YCTOHYUBOCTH
paboThl aaropuT™Ma, a TakKe yMeHbIIaeT MmoTpeo-
JITeMYI0 KOHBEHEepOM SHEepPTHIo.

AnropuT™M MOKeT OBITH IPUMEHEH JIJI5 yIIpaBJie-
HHUA KOHBeﬁeprIMH CuCTeMaMu U II03BOJIUT YMEHb-
[IIaTh HSHEPro3aTPaThl IPH JOCTABKE TPY30B.

Crnemyer Take OTMETHTBH, YTO AJITOPHUTM MO-
sKeT 6BITH 0000IIeH Ha 6oiee IITUPOKUH KiIace 3a1ad
MapIIpyTH3AIUN U IPUMEHATHCSI K IPOU3BOIbHBIM
ONTUMHUBUPYEMBIM (PYHKI[UIM, TAKUM KaK aMOPTH-

3a1ys IPy30B / KAHAJOB Iepefayy WU CTOMMOCTD
JIOCTaBKH.

PduHaHCOBASA MOAIEPKKA

I/ICCJIe,ZLOBaHI/Ie BBIIIOJTHEHO 3a C4YeT TrpaHTa
Poccuiickoro mayunoro couma (mpoext Ne 20-19-
00700).
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Introduction: We consider the problem of routing of piece cargo by a conveyor system. When moving cargo pieces, it is necessary not
only to minimize the time of transportation, but also to minimize the energy spent on it. Purpose: Development of a routing algorithm
that is adaptive to changes in the topology of the routing graph and is able to optimize the delivery time and the consumed energy. Results:
We propose an algorithm based on multi-agent deep reinforcement learning that places agents at the vertices of a conveyor network graph
and uses a new state value function. The algorithm has two tunable parameters: the length of the path along which the state value function
is calculated, and the learning coefficient. Through the selection of parameters, we have revealed that the optimal values are 2 and 1,
respectively. An experimental study of the algorithm using a simulation model has shown that it allows to reduce the number of collisions
of moving objects to zero, demonstrates stable results for both optimized scores, and also leads to a lower energy consumption compared
with the method used as a baseline. Practical relevance: The proposed algorithm can be used to reduce delivery time and energy when
managing conveyor systems.

Keywords — routing, multi-agent learning, reinforcement learning, conveyor belt.

For citation: Zhurba Y. S., Filchenkov A. A., Azarov A. A., Shalyto A. A. Continuous control algorithms for conveyer belt routing based
on multi-agent deep reinforcement learning. Informatsionno-upravliaiushchie sistemy [Information and Control Systems], 2022, no. 6,
pp. 10-19 (In Russian). doi:10.31799/1684-8853-2022-6-10-19, EDN: LKVJNA

Financial support
The study was supported by a grant from the Russian Science Foundation (project No. 20-19-00700).

References
1. Winkelhaus S., Grosse E. H. Logistics 4.0: A systematic re- Transactions on Automation Science and Engineering,
view towards a new logistics system. International Journal 2009, vol. 7, iss. 2, pp. 337-351. doi:10.1109/TASE.2008.
of Production Research, 2020, vol. 58, iss. 1, pp. 18-43. 2007216
doi:10.1080/00207543.2019.1612964 . 9. Dorri A., Kanhere S. S., Jurdak R. Multi-agent systems:
2. Toth P., Vigo D. An overview of vehicle routing problems. In: A survey. IEEE Access, 2018, no. 6, pp. 28573-28593.
The Vehicle Routing Problem. Eds. P. Toth, D. Vigo. SIAM, doi:10.1109/ACCESS.2018.2831228
2002. Pp. 1-26. doi:10.1137/1.9780898718515.ch1 . 10. Arulkumaran K., Deisenroth M. P., Brundage M., Bharath A. A.
3. Sweda T. M., Dolinskaya I. S., Klabjan D. Adaptive routing Deep reinforcement learning: A brief survey. IEEE Signal
and recharging policies for electric vehicles. Transportation Processing Magazine, 2017, vol. 34, iss. 6, pp. 26-38. doi:10.
Science, 2017, vol. 51(4), pp. 1326-1348. doi:10.1287/ 1109/MSP.2017.2743240 ' ’
trsc.2016.0724 . . 11. MaD., Carpenter N., Amatya S., Maki H., Wang L., Zhang L.,
4. Puthal M. K., Singh V,, Gaur M. S., Laxmi V. C-Routing: An Neeno S., Tuinstra M. R., Jin J. Removal of greenhouse mi-
adaptive hierarchical NoC routing methodology. 2011 IEEE/ croclimate heterogeneity with conveyor system for indoor
IFIP 19th Intern. Conf. on VLSI and System-on-chip, IEEE, phenotyping. Computers and Electronics in Agriculture,
2011, pp. 392-397. do1:10.1109/VLSIS0C.2011.6081616 2019, no. 166. doi:10.1016/j.compag.2019.104979. Available
5. Marasova D., Andrejloya M., Grincova A. Dynamic model of at: https://www.sciencedirect.com/science/article/abs/pii/
impact energy absorption by a conveyor belt in interaction S016816991930691X (accessed 11 September 2022).
with the support system. Energies, 2021, vol. 15(1), p. 64. 12. Halepoto I. A., Shaikh M. Z., Chowdhry B. S., Uqaili M. A.
do0i:10.3390/en15010064 ) Design and implementation of intelligent energy efficient
6. Koken E.,, Lawal A. I, Onlfade M., Ozarslan A. A compara- conveyor system model based on variable speed drive control
tive study on power calculation methods for conveyor belts and physical modeling. International Journal of Control and
in mining industry. International Journal of Mining, Recla- Automation, 2016, vol. 9, iss. 6, pp. 379-388. doi:10.14257/
mqtion and Environment, 2022, vol. 36, iss. 1, pp. 26-45. ijca.2016.9.é.36 ’ ’ ’
doi:10.1080/17480930.2021.1949859 . 13. Noto M., Sato H. A method for the shortest path search by
7. K.ara.ml E, Fathi M., Parda}os P. M. CO,HV?YOIT operations in extended Dijkstra algorithm. 2000 IEEE Intern. Conf. on
distribution centers: Modeling and optimization. Optimiza- Systems, Man and Cybernetics “Cyberbetics Evolving to Sys-
tion Letters, 2022. doi:10.1007/s11590-022-01912-7. Availa- tems, Humans, Organizations, and their Complex Interac-
ble at: https:/link.springer.com/article/10.1007/s11590-022- tions” (SMC 2000 Conf. Proc.), IEEE, 2000, vol. 3, pp. 2316
01912-7 (accessed 11 September 2022). 2320. doi:10.1109/ICSMC.2000.886462
8. Black G., Vyatkin V. Intelligent component-based automa- 14. Mammeri Z. Reinforcement learning based routing in net-
tion of baggage handling systems with IEC 61499. IEEE works: Review and classification of approaches. IEEE Ac-

18 7/ VH®OPMALIMOHHO-YMPABJISIIOLLVE CUCTEMbI 7 N26,2022



\ WHOOPMALIMOHHO-YMPABJSIOWLUE CUCTEMbl  \

cess, 2019, no. 7, pp. 55916-55950. doi:10.1109/ACCESS.
2019.2913776

15. Boyan J., Littman M. Packet routing in dynamically chang-
ing networks: A reinforcement learning approach. NIPS’93:
Proc. of the 6th Intern. Conf. on Neural Information Process-
ing Systems, 1993, pp. 671-678.

16. Sutton R. S., Barto A. G. Reinforcement Learning: An Intro-
duction. 2nd ed. MIT Press, 2018. 552 p.

17. Mukhutdinov D., Filchenkov A., Shalyto A., Vyatkin V. Mul-
ti-agent deep learning for simultaneous optimization for
time and energy in distributed routing system. Future Gen-
eration Computer Systems, 2019, no. 94, pp. 587-600.
doi:10.1016/j.future.2018.12.037

18. Mnih V., Kavukcuoglu K., Silver D., Graves A., Antonoglou I.,
Wierstra D., Riedmiller M. Playing Atari with Deep Rein-
forcement Learning. arXiv preprint, 2013. Available at:

19.

20.

https://arxiv.org/abs/1312.5602
2022).

Mukhutdinov D. Detsentralizovannyy algoritm upravleniya
konveyernoy sistemoy s isplozovaniyem metodov multiagent-
nogo obucheniya s podkrepleniem [Decentralized conveyor
system control algorithm using methods of multi-agent rein-
forcement learning. Master diss.] Saint-Petersburg, Univer-
sitet ITMO Publ., 2020. 92 p. (In Russian). Available at:
http://is.ifmo.ru/diploma-theses/2019/2_54584647710261
91430.pdf._ (accessed 11 September 2022).

Belkin M., Niyogi P. Laplacian eigenmaps and spectral tech-
niques for embedding and clustering. NIPS’01: Proc. of the
14th Intern. Conf. on Neural Information Processing Sys-
tems: Natural and Synthetic, 2001, pp. 585-591.
doi:10.5555/2980539.2980616

(accessed 11 September

NAMATKA AN ABTOPOB

Iocmynarouwue 8 pedakyuro cmambu npoxodsim 003amenbHoe peyeH3uposatiie.

Ilpu HanWuMU MOOKUTETHLHON PEIeH3UH CTAaThid PacCMaTPHUBAETCA PEIAKIIMOHHON KOJIIETHeH.
IIpunaraa B meyaTs cTaThd HAIPABIAETCI aBTOPY AJIA COTIIACOBAHUA PEIAKTOPCKUX IpaBok. Ilocime
COIVIACOBAHUA aBTOP IIPEJCTABIAET B PEIAKIIHI0 OKOHIATEIbHBIM BAPUAHT TEKCTA CTATHH.

IIpomenypsl cornacoBaHMA TEKCTa CTATBU MOTYT OCYILIECTBIATHCA KAK HEIOCPEICTBEHHO

B peIaKIuH, Tak u 1mo e-mail (ius.spb@gmail.com).

Ilpu oTKIOHEHHUM cTAThbH pENAKLIMS IPEICTABAAEeT ABTOPY MOTHBHPOBAHHOE 3aK/II0YEHUE
¥ PEIeHBHIO, IIPU HeOOXOIUMOCTH [0paboTaTh CTATHI0 — PEIIEH3HIO.

Pedakryus scypraia Hanomuraem, ¥mo omeemcmeeHHOCmb
3a 0ocmo6epHOCMb U MOYHOCMb PEKAAMHBLY MAMEPUAL08 HECYM PEKAAMO0Amenu.

N26,2022 N\

MHOOPMALIMOHHO-YMPABJISIIOLLIME CUCTEMbI  \ 19



/VIHCDOPMALI,VIOHHO-YI'IPABHFIIOLIJ.VIE CUCTEMBDI /

YK 681.586.5
doi:10.31799/1684-8853-2022-6-20-30
EDN: VOWUUQ

NMonHocTblIO UHTerpajibHaa onTunyeckasa CeHCOpHaa CuctemMa
C UHTepporaLuen no UHTEHCUBHOCTH

I C. BOpOHKOB?, KaH/j. TEXH. HAayK, CTapLUMi Hay4HbIN COTPYAHMK, orcid.org/0000-0002-8788-2696,
voronkov.gs@ugatu.su

A. I 3akosH?, cTyneHT, orcid.org/0000-0002-6362-0755

B. B. UBaHoB?, acniupanT, orcid.org/0000-0002-4716-9466

A. B. BopoHKOBa?, KaHf. TeXH. HayK, CTapLuni HayyYHbIi COTPYAHMK, orcid.org/0000-0002-7060-952X
W. B. CtenaHoB?, acninpaHT, orcid.org/0000-0003-4677-5808

E. I1. IpaxoBa?, kaHA. TEXH. HAaYK, 3aBeAyroLmni nabopatopumed, orcid.org/0000-0003-2207-2702

B. C. JIlo60nbITOB?, KaHg. TeXH. HayK, CTapLUMi HayyYHbIN cOTPpYAHMK, orcid.org/0000-0003-1535-5341
P. B. KytnysipoB?, KaHA. TeXH. HayK, CTapLUMi HayYHbI COTPYAHMK, orcid.org/0000-0003-2724-6978
aYuUMCKuI1 yHUBEPCUTET HayKu U TexHosormi, 3aku Bannan yn., 32, Ya, 450076, PO

BBegieHne: CeHCOPHbIE CMCTEMbI HA OCHOBE YCTPOUCTB MHTErPasbHON YOTOHNKM ABISIOTCA BAXKHENLUMM HanNpaBieHNEM Pa3BUTHS
BCTpauBaeMbIX MHHOPMALNOHHO-YNPaBSIOLMX CUCTEM PA3/INYHOr0 Ha3HaYeHUs. BbiXOAHbIe XapaKTepUCTUKU CEHCOPHOM CUCTEMbI
CYLLECTBEHHO ONPeAEeNstTCA 3(PEKTUBHOCTBIO YCTPOHCTBA 0npoca gaTymuka. CumTbiBaroLjee yCTPoNCTBO (MHTEPPOraTop) Ha OCHO-
Be MUKPOKOJIbLIEBOr0 pe30HaTopa ¢ NMpUMeHeHNeM METoAa MHTEPPOraLyuu no UHTEHCUBHOCTU CIOCOBHO 06eCneynTb BbICOKYH CKO-
POCTb 0MPOCa 1 YyBCTBUTE/IbHOCTb, COOTBETCTBYIOLLYHO TPEGOBAHUAM LIMPOKOIO CEKTPa NpuaoxeHni. Ljenb: cosgate agpekTnBHyto
CEHCOPHYIO CUCTEMY A1 6€3MapKEPHOro ONpesesieHNs KOHLEHTpayuu BeLLeCTB B XUAKOCTY, BKIIIOYAIOLYH pedpakToMeTpuyeckmi
AaTynK U yCTPONCTBO OMPOCa, PACMOIOKEHHbIE HA OFHOM POTOHHOM MHTErpanbHoM cxeme. MeToabI: MPOBEEHO YUCIEHHOE MOAENPO-
BaHuWe NPoLeccoB PacrpoCTPaHeHNs 3/IEKTPOMArHUTHOIO 10151 B HanpaBstoLLel cucteme (KpeMHNEBbIX BOJIHOBOZAX B MHTErPaibHOM
MCIOJIHEHUN Ha TMOAJI0NKKE M3 OKCHAAa KPEMHUS) C MCIIOIb30BaHNeM cpeabl Ansys Lumerical n anroputma FDTD. [TapameTpbl MUKPO-
KOJIbLiEBbIX PE30HATOPOB NPeABapuTesIbHO ONMTUMMU3UPOBAHBI C LesIbHo MOJTyYUTb KO3 DULMEHTbI CBA3U MEXAY BOJTHOBOZaMMU, obecre-
unBaroLmMe PEXuM paboTbl PE30HATOPOB, GIN3KMI K PEXUMY KPUTUYECKOWN CBA3N. Pe3ynbTatbl: npeaoxeHa KOHLEenLusl NoJIHOCTbIO
UHTErpanbHoN (POTOHHOM CEHCOPHOM CUCTEMbI Ha OCHOBE MUKPOKOJbLEBbIX add-drop-pe3oHaTopoB. PaapaboTaH CeHCOp Ha OCHOBE
MUKPOKOJIbLIEBbIX PE30HATOPOB, NPEACTABASOLMIA U3 Cebs Ba MOJyKobLYa paanycoM 18 MKM, COEUHEHHbIX y4acTKaMu MpsMbIX
BOJIHOBOAOB A/IMHOY 3 MKM. PaspaboTaHo onpalumBaroLyee yCTpoicTBO B hopmMaTe MUKPOKOJIbLIEBOrO PE30HATOPA Paanycom 10 MKM.
CornacHo pesynbTataM MOAEANPOBaHUSI C UCMOIb30BaHUEM LIMPOKOMOIOCHOIO UCTOYHMKA U3JTYHeHUS] YyBCTBUTEIbHOCTb CEHCopa
coctaBuna 110 um (unu 1350 Ab) Ha eauHNULY N3MEHEHUS oKa3aTesis pesioMaeHus. lpeanoxeHa METOAMKA BbI60Pa ONTUMAIbHbIX
XapaKTepUCTUK CEHCOPa M MHTEPPOraTopa C TOYKM 3PEHUSI MOBBILLIEHNA 3PPEKTUBHOCTU PaboTbl cUCTEMbI B LjesioM. lMpakTuyeckas
3HAYMMOCTb: CEHCOPHbIE CUCTEMbI Ha OCHOBE (DOTOHHBIX MHTErPasibHbIX CXEM CMIOCOGHbI YAOBNETBOPUTL CYLYECTBYHOLMIA CIIPOC Ha
YCTPOVNCTBA, XapaKTePU3YEMbIE HU3KUM SHEPronoTPe6/IeHNEM, KOMNAaKTHOCTbIO, HEBOCTIPUUMYNBOCTBIO K 3/1IEKTPOMArHUTHbIM OMe-
XaM 1 MaJsioi CTOMMOCTbIO.

KnioueBbie cnoBa — d)OTOHHbIe UHTerpasibHble CXeMbl, UHTepporayunsd rno MHTeHCUMBHOCTHU, CEHCOP, CEHCOPHasa cucteMa, MUKpPO-

KOJIbLieBO# PE30HATOP.
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Kyrnysapos P. B. ITonzHocThio mHTErpaabHas ONTHYECKAS CEHCOPHAA CHCTEMAa C HHTeppOoramuei o HHTeHCUBHOCTH. HHpopmayuonro-
ynpasaswwue cucmemst, 2022, No 6, c. 20-30. doi:10.31799/1684-8853-2022-6-20-30, EDN: VOWUUQ

For citation: Voronkov G. S., Zakoyan A. G., Ivanov V. V., Voronkova A. V., Stepanov I. V., Grakhova E. P., Lyubopytov V. S., Kutluya-
rov R. V. Fully integrated optical sensor system with intensity interrogation. Informatsionno-upraviiaiushchie sistemy [Information and
Control Systems], 2022, no. 6, pp. 20-30 (In Russian). doi:10.31799/1684-8853-2022-6-20-30, EDN: VOWUUQ

Beenenue

B nacrosmee BpeMd onTHYECKHE CEHCOPHBIE CH-
CTEeMBI ABJIAITCA ONHUM M3 Hanboiee TUHAMUYHO
Ppa3sBUBAOUIUXCA JJIEMEHTOB BCTpaWMBaeMbIX HWH-
hbopMaIMOHHO-U3MEPUTENHHBIX H YIPABIAIOINAX
cucteM. Biarogaps BBICOKOH YyBCTBHUTEJIbHOCTH,
HEBOCIIPUHUMYHUBOCTHU K 3JIEKTPOMArHUTHBIM HAaBOMI-
KaM U [PYyTUM IPEUMYIIeCTBaAM ONITHIYECKHe TaTUH-
KU IIUPOKO MPUMEHAITCA B 3ApaBooxpanenuun [1],
oxpame OKpy:KamIiei cpeasl [2, 3] ¥ MPOMBIIIICH-

HoctHu [4, 5]. B wactHOCTH, aHanmM3aTOPbI AJIA Oes-
MapKepHOTO OIpeJeIeHUusI KOHIIEHTPAI[UHU BeIl[eCTB
B JKHUIKOCTH WUTPAIOT 3HAYUTEIBbHYI0 POJb B MEIH-
nuHe [6], sKcriepuMeHTaNbHOM Ouosioruu [7] u mpu-
KJIagHOHA xuMmuu [8].

B o6mem ciyuae CTpyKTypa ONTHYECKOH CEH-
COPHOM CHUCTEMBI BKJIOYAET JaTIYUK, HCTOUHHUK CBe-
Ta, IETEKTOp, a TAKKe CXeMY OIIpoca M KOHTPOJI.
Crenysa coBpeMEHHOMY BBI30BY CO3TAaHUA KOMIIAKT-
HBIX M OJHOBPEMEHHO BBICOKOIPOU3BOAUTEIbHBIX
YCTPOHCTB, pa3auvHble KOMIOHEHTHI CHCTEMBI MO-
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ryT ObITh 3(P(PEeKTHBHO peann30BaHBI HA OCHOBE
TeXHOJIOTUH WHTErpaabHOU (DOTOHUKH.

Cpenu moxxoioB K peaausaliy AAaTYNKOB Ha
doronubix mHTerpanbubix cxemax (PHUC) maumbo-
jlee MPUBJIEKATENIbHBIMHA C TOYKH 3PEHUS TEXHO-
JIOTUYHOCTH MPENCTABIIIOTCI (PAa304yBCTBUTENb-
Hble CXeMbl Ha OCHOBE BOJIHOBOZHBIX OP3TTOBCKUX
peuretror [9-12], BOJTHOBOAHBIX WHTEP(PEPOMETPOB
Maxa — Ilengepa [13-15], MUKPOKOJIBIIEBBIX WK
JIUCKOBBIX pe3oHaTopoB [16-18]. [l u3roToBaeHus
WHTETPATbHBIX CEHCOPOB NMPUMEHAIOTCI IIIaTdOp-
MBI M3 HUTpuga kKpemHma (SigN,) m kpemHHM# Ha
CTEKJISHHON WMJIM IOJWMEpHOM mosioikke (silicon-
on-insulator, SOI). Hutpun kpemuus obecreunBaer
MIPO3PAvYHOCTh [JIS [JWH BOJH B BUAMMOM H 0JIu-
JKaieM HHpPaKpPacHOM AUANa3oHe. ITO ABIIETCA
BaKHBIM IIPEHMYIIECTBOM, TAK KaK IJi 6HOCEHCO-
POB YacTo HEO6XOAMMO Ob6ecrednBaTh ITOBBIIIEH-
HYI0 YyBCTBUTEJIbHOCTh UMEHHO B BHUIHUMOM CITEK-
Tpe. Hasa paboTel B OimiKHEM HWH(PPAKPACHOM qUa-
masoHe Yale BCero MCHOJMb3YIT CTPYKTyphl SOI.
IIpu sTom cencoper Ha SOI mmerT CyliecTBEHHO
MEHBIIIHE PA3MePhI.

Cpenu W3BECTHBIX PpeIIeHWH HAWOOIBIINH I10-
TeHIWAJI AJA peanusanuu 0e3MapKepHBIX IEeTEeK-
TOPOB AEMOHCTPHUPYIOT JaTIYUKNA HA OCHOBE MUKPO-
kosbleBbIX pesonaropos (MKP) [19], Tak kak ouum
0671a71a10T  3HAYUTEJIBHOW  YYBCTBUTEIbHOCTBHIO
K OOHAPYKEHUI0 OGMOMOJIEKYJ B JKHUIKOCTSAX U Ta-
3aXx, ABJIAIOTCA OBICTPOAEHCTBYIOIIUMHU U SHEPT03(-
dexruBubivmu [17, 18]. B ocHoBe npuHnuna paboTsl
ceHcopa JIeKUT 3aBUCHUMOCTb PE30HAHCHOM AJTUHBI
BOJIHBI KOJIbIIA OT moka3arend npexomienusa (I111)
cpensl B6IM3U ceHcopa, 3HAYeHHe KOTOPOro Ompeie-
JIIeTCs UCCIIeyeMbIM ITapaMeTpoM BellecTsa.

B saBrcuMocCTH OT BH/1a BOTHOBO/A U BBIOPAHHOM
paboueii MObI 3HAUEHHE UYBCTBUTEIBHOCTH CEHCO-
paua MKP Baprupyercsa Ha ranabii MomeHT o1 70 10
490 am/RIU [16] (RIU — refractive index unit,
enuuuna IIII). J[as moBBIIEHWA 9TOro IIOKasare-
JIsT UCTIOJB3YI0T METOM KacKaaupoBaHuI Kouelr [18,
20], cy6BOJIHOBBIE pelleTdyarble MUKPOKOJbIa [21,
22] unu MKP ma ¢asocasuraroieii Op3rroBCKoi
pemrerke (phase-shifted Bragg grating microring)
[23]. Be3 npuMmeHeHua yKasaHHBIX METOJOB 4yB-
crBUTEIbHOCTD cerHcopoB Ha MKP cocrasaser oko-
m0 100 am/RIU.

Hapsany ¢ xapakrepucTuRaMu gaTYnKa IOKa3a-
TeJIu KadyecTBA CEHCOPHOM CHUCTEMBbI B 3HAYUTEIb-
HOM CTEINeHU OIPeAesoTcs 3(P(EeKTHBHOCTHIO
cucTeMbl onpoca (nuTepporaruun). [[yis oreHKH u3-
MEHEHUS OITUYECKOr0 CIIEKTPA IPUMEHSIIOTCS KOM-
MepYecKre WHTEePPOraTopbl, KOTOPbIE HCIOIb3YIOT
ONTUYECKWE aHATU3aTOPhI CIIEKTPa HJIU IIepecTpa-
uBaembie nasepbl [24]. Hegocrarkamu sTux mMeTo-
JIOB SIBIISIIOTCH BBICOKAS CTOMMOCTD 000PYIOBAHMUA,
HHU3Kasg CKOPOCTH OIIPOCa AaTYUKA U IPOMO3TKOCTD
CHCTEMBL.

s pacmmpenusa 061acTy MPAKTHYECKOTO IIPHU-
MeHeHus ObLIM pas3paboTaHbl KOCBEHHBIE METOIbI
aHaau3a CIIEKTPa ONMTUYECKOT0 U3IyYEHUs JIJIS BbI-
COKOCKOPOCTHOM WHTEPPOTAIIHHA C BBICOKHM paspe-
menueM [25]. AT MeTonbl OCHOBAHBI HA IIpeobpaso-
BAHWU CABUIOB JJAWHBI BOJHbBI OIITUYECKOT0 CUTHAJIA
B M3MEHEHHE IapaMeTpoB 3JeKTPHYECKOr0 CUTHAJIA
¥ WX OIleHKEe. B COOTBETCTBUM C PETHUCTPUPYEMBIMU
rnapaMeTpaMy JJIEKTPHUYECKOTO CHIHAJA BBIAEJISIOT
TpH crrocoba WHTEPPOTraIUuK: 10 WHTEHCUBHOCTH —
IpH U3MEpPEeHnH MOIITHOCTH poToTOKA [26], 110 YacTo-
Te — IPH OIEHKe YACTOThI CUTHAJIA Ha BbIxone ¢o-
TofeTexTopa [27, 28] u 110 BpeMeHu — TpU aHAIU3e
dopmbI orubaroriei BbIX0HOTO curHaia [29].

HecmoTpsa ma MHOrOOGeIIa0OIINE TEPCHEKTHBDI,
MHTEPPOraIus 1o 4acToTe u 1mo popme TpedyeT wc-
M0JIb30BAHUS OBICTPOIEHCTBYIONMINX AHAIOTO-IIH(-
poBbix mpeobpasoBareneii [30]. B cBowo ouepenb
WHTEPPOTraIus 10 WHTEHCHBHOCTH SBJISETCS MPO-
cThIM, HO 3()(EKTHBHBIM METOAOM, 00ECIIeYnBAIO-
IIUM OBICTPBI OITPOC JATYUKOB C Pa3peIeHueM, J10-
CTATOYHBIM JJIST IPUMEHEHHU BO MHOTHX 00JIacTIX
[24]. CyTp MeTOna 3aKaHOYaeTCsI B MCIIOJIb30BAHUH
OITHYECKOTO 3JIEMEHTa, IMepenaTodyHas (QyHKI[USI
KOTOPOTO 6JHM3Ka K JUHEHHOH B aAHAla30He HU3Me-
PSeMbIX JJIWH BOJH (TAKHUM 5JI€MEHTOM MOKeT ObITh
MEKP [26]), nns mpeo6pa3oBaHusa U3MEHEHUA IJIU-
HBI BOJIHBI H3JIyYeHHUS B H3MEHEHHE OIITHYECKOH
MHTEHCHUBHOCTH.

Takum obOpaszoM, KpeMHUEBbIE OITHYECKUE JaT-
YUKW CTAJIW NEePCIEKTUBHOU IIOMIANKOU IJIA pas-
JUYHBIX CEHCOPHBIX mpuaoxkenui. OmgHAKO WH-
TEeppoOraTopbl s HMX OIPOCA BCE eIe OCTAITCS
IPOMO3IKMMH W HETrHOKWMMHM, UYTO CBOAMWT HA HET
IIPEMMYIIECTBA OINTHYECKHUX CEHCOPOB B HHTeE-
rpanabHoM ucronuenun. CiaemoBareabHo, paspabor-
Ka MOJIHOCThI0O MHTErPabHOM CEHCOPHOMN CUCTEMBI,
coueTaroIiel B cebe JaTYNK U MHTEPPOrarop, pea-
JNW30BAHHBIE HA €IHUHOHN MaaTgopMe, MOMKET CTaTh
CHEYIONMM I1aroM Ha IMYTH K TeXHOJOTHYECKOMY
COBEPIIIEHCTBY B JAHHOM 06JIACTH.

B crarbe mpemiioskeHa KOHIENIIUS CEHCOPHOMH
cuctembr HAa PUC, peanunsoBanuas Ha miardopme
SOI, pna GesMapKepHOTO OIIpeIe/IeHus KOHI[eH-
TpaIu¥ BEIeCTB B KUIKOCTH, BEJIOUYaIas ped-
PaKTOMETPUYECKHH JaTUYMK W YCTPOMCTBO OIIPOCA.
Ilpennoxena wmeTommka BbIGOpa ONTUMAJIbHBIX
XapaKTEePUCTHEK CEeHCOopa W WHTepporaropa ¢ TOYKH
3peHusa MOBbIMEHusd d5(PpPEeKTHBHOCTH PAGOTHI CH-
CTEMBI B IIEJIOM.

ApxurekTypa U IPUHIIAI JeHCTBUA
IIpeaIaraeMoid CEHCOPHO CHCTEMBI

CrpykTypa npenjaraeMoyl CEHCOPHOH CHCTe-
Mbl mpuBenena Ha puc. 1. Ha Bxopuoit mopr MKP,
BBINIOJNHAIOMIETO (DYHKIIUIO CEeHCOpa, IIOCTyIaeT
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B Puc. 1. CrpykrypHas cxeMa CEHCOPHOH CHCTEMBI:
IIITIH — mupoKOIIOIOCHBIH HCTOYHUK; ¥YHI — ympasisio-
Ui HarpeBaTeIbHbIA d1eMeHT; @/ — ¢oTomeTeKTOPHI
Ha through- u drop-noprax; 3 — KOHTaKT TOYKH OOIIEH
muHb! («3eMiisg»); C — KOHTAKT CUTHAIBHOTO IIPOBOIHUKA
(«CI/II‘HaJI»)

B Fig. 1. Block scheme of the sensing system: IIIITH —
broadband source; MKP damuuxa — MRR sensor; MKP
unmeppozamopa — MRR interrogator; YHO — heater;
@J[ — photodetectors on through- and drop-ports; 3 —
ground; C — signal

IIUPOKOTIOIOCHBIN CUTHAJT OT MCTOYHHKA ONTHYE-
ckoro manydenua. Wcnonssyiorca MKP ¢ moaso-
ISAIIAM W OTBOSAIINM BOJHOBOIAMHY, IIONYYHUBIIHE
B Jureparype HasBauue add-drop-pe3oHaTropos.
WHTEeHCHBHOCTD U IIIUPUHA II0JIOCHI CUTHAJIA HA BhI-
xome drop-mopTa ceHcopa OIpeenseTca ero peso-
HaHCHOH xapakrepucturoi. [lluprnaa momocs! npo-
nyckauud MKP 110 ypoBHIO OJIOBHHHOM MOIITHOCTH
(full width at half maximum, FWHM) npu stom
ompepensercsa 1mo gpopmyie [30]

2
FWHM = 12D res ()

nngL nra

Ihe ry U ry K03 pUIIMEeHTHI Tlepefadyn Kailje-
poB Ha in-through- u add-drop-BoaHOBOIBI COOTBET-
cTBeHHO; a = exp(al/2) — xKos(puineHT nepegadu
B Koublle, usmepennsiit B FDTD (Finite Difference
Time Domain, Meroj KOHEYHBIX pPa3HOCTEH BO
BpeMeHHOM obysacTtu), oo — Koa(pduImenT sary-
XaHHUA B KOJIbIE; A, — PE30HAHCHAA JJIHHA BOI-
el MKP (O, = 2nn,R/m), m — HOMep pesoHaH-
ca (HaTypajbHble YuCaa, OOJbINE UIW paBHbIE 1);
L = 2nR — niuHa OKPY:KHOCTH KoJablia, R — pagu-
YC KOIBLA; Ny, Ny — 3HAYEHHA TPYNIIOBOTO ¥ 3¢h-
dexTrBHOTO ﬁH COOTBETCTBEHHO.

Kosddunuents! nepemaun Ha BeIxoze through-
¥ drop-IIopTOB OIpeeA0TCd AMILINTYIHO-4aCTOT-
HO# xapakrepucturoi (AYX) MKP:

L r22a2—2r1r2acoscp+r12 )
Tt_ I - 9 (2
in 1-2nmracoso+(rna)

2 2
- :I_d: (1 n )(1 ry )a -
d I, 1-2nnacosg+(rrya)

rne I, I;, I, — maTencuBHOCTH Ha through-, drop-,
in-mopTax; ¢ — (asoBBIH CIBUT, OIpPEREIIeMBbIN
kak ¢ = BL (koacppumment dassr B = 2nn,m/h, A —
IJIMHA BOJHBI).

YacroTa 1 ”HTEHCHBHOCTH OIITHYECKOTO U3JIyUe-
uua Ha Beixone MKP onpenensiiores: ero KoHCTPYE-
mueit u III1 oxpy:xaroiieii BOJTHOBOABI CPeabl. ITH
JIBa CBOMCTBA U UCIIOJIB3YIOTCA B paccMaTpuBaeMoOu
CeHCOpHO# cucreme. [[1rHA BOIHBI OIITHYECKOTO U3-
JIydeHHUs Ha BBIXOJle CeHCOpa M3MeHsAeTcd MpPU U3-
venenuu III1 amanusupyemoii cpexbl (aHAIUTA).
HMHTeHCHBHOCTD ONTHYECKOTO U3AydeHud Ha drop-
[IopTe WHTEPPOraropa M3MEHSIeTCsI B 3aBUCHMOCTH
OT [JIUHBI BOJTHBI U3IyYEHU HA €T0 BXOTHOM IIOp-
re. MameHnenne kakoro-nu6o mapamerpa (cocrasa,
KOHIIEHTPAIIUM, TeMIIepaTyphl) KUIKOCTH, IPOTE-
KaIoIIel 110 MMOBEPXHOCTH CEHCOpa, MPUBOIUT K H3-
venenuio ee I111. 9to usmenser sppexrusuprit [111
N, AATYUKA, U, CIe0BATEIbHO, IPOUCXOLUT U3Me-
HeHme pes3oHaHcHOH Anuubl Bonabl MKP. Ha puc. 2
TIOKa3aHbI IIepelaTOuHble XapaKTEePUCTHKN UHTEP-
poraTropa W CEHCOpPOB [JIs Pa3lUYHBIX 3HAYEHHUH
IIII anamnura.

Amnanus puc. 2 mo3BoIsIeT CPOPMYIUPOBATD HE-
KOTOpbIe Ba)KHbIe TPeOOBAHWSI K CEHCOPHOH CH-
cTeMe, COCTOAIEH M3 ABYX KOJBIIEBBIX CTPYKTYP.
Bo-nepBhIx, mpexcTaBisieTca OYEBHUIHBIM, YTO
FWHM cencopa gom:xeH ObITH CYII[ECTBEHHO MEHb-
mre, yem FWHM wunrepporaropa, aus obecrmede-
HUsS OOJbBINEH YYBCTBUTEIBHOCTH HHTEPPOTraTopa.
CaemoBarenbHO, JOOPOTHOCTD @ /IS WHTEPPOTaTO-
pa DoJKHA OBITH HUIKE, YeM /IS CeHCOopa:

}\’7‘68
= — 4
@ FWHM @

Peanbuoe coornomenue mesxay FWHM cenco-
pa u uHTEppOoraropa HeOOXOAMMO OMPEeIeNIATh L
KOHKPETHBIX CIIEHapHeB IPUMEHEHHUI U Jualia3oHa
M3MeHeHHUs Pe30HAHCHOH [INHBI BOJIHBI CEHCOPA.

Bo-BTopsbix, HE06x0AMMO yuuThIBaTh, uT0 B MKP
PE30HAHCHI BO3HUKAIOT [EPHOAWYECKH C IIATOM,
oupenensembiMm napamerpom FSR (free spectral
range):

2
FSR = R & 5)
n,L.  FWHM
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B Puc. 2. Ilepeparounbie xapakTepucTuKu drop-IIOPTOB MHTEPPOTraTopa W CEHCOPOB IIPH PasiWdYHbIX 3Havdenwax 111

a”HaimuTa

B Fig. 2. Spectra of interrogator and sensors drop-ports at different refractive indices of analyte

g moBBIIIEHNS KauecTBa CEHCOPHON CHCTEMBI
HEOoOX0AMMO 06€CIIeYNTD BBIIIOIHEHUE CIELYOIEro
YCJAOBHUSA: IAWHBI BOJH PE30HAHCHBIX XapaKTepH-
CTHUK CeHCOpa W MHTepporaropa coBmagarmoT (6ius-
K{) B [HAIIa30HE AJIWH BOJH, HUCIOIb3YEMBIX I
paboThI CEHCOPHOM CHCTEMBI, M CYIIECTBEHHO OT-
JIMYHBI B OCTAJIBLHOM dyacToTHOM amanasoxe IIITIN.
Ha npaxkTuxke 1mesecoobpasuo moxbupars (IpOeKTH-
posars) IIITIM takum o6paszom, 4TOObBI MIKPUHA I10-
JIOCHI €TO HMBJIyYeHHA He3HAYHUTEJIbHO IIPEBIIIAIa
nonosuay FWHM wunTepporaropa, a nesrpanbHad
JJINHA BOJHBI COOTBETCTBOBAJIA CEPEIUHE MOHOTOH-
Horo yuyactka AUX mHTEepporaropa, UCII0JIb3yeMOoro
IJ peo0pa3oBaHUsA [JIWHBI BOJHBI HU3JIYYEHUS
B MHTEHCUBHOCTS.

OpHUM U3 OCHOBHBIX HEJOCTATKOB CHCTEMbI MH-
TEepPPOTaINy 110 HHTEHCUBHOCTH SABJIIETCA €e 3aBH-
CHMOCTB OT HECTAOUIBHOCTH MOIIIHOCTH UCTOYHHUKA
onTHYecKoro manydeHud. Jada Toro 4tobbr m3ba-
BUTHCS OT DTOT0 HENOCTATKA, B KaueCTBe HM3MEPH-
TEeJIBLHOTO CUTHAJIA IPeJIaraeTcs UCI0JIb30BaTh OT-
HOCHUTEIHHYIO BETHYUHY, OIIPeieIseMyo Kak

p-101g Fd_| ®)
P;+F

rne P; =P, T, MOILIHOCTh Ha drop-mopre;
P,=P,T, — momuocts Ha though-mopre, P, ,
MeJuaHHOe 3HaUYeHue MoIHocTH ucrounuka. C yue-
Tom Toro, uro P, =P, ,+ AP; (AP, — OTKJIOHe-
HHE BBIXOJTHOHM MOIIHOCTH):

(PinO + APm )Td

P=101g
(PinO + APzn )Td + (PznO + APzn )Tt
TTonyuaem
P=101g T—d .
Ty +T,

Taxum ob6pasom, peructpupyemMas B CHCTeMe
OTHOCHUTEJbhHASd MOIIHOCTH HEe 3aBUCHT OT KOJe-
6aHHU MOIIHOCTH MCTOYHUKA U3IyIEHUA U OIpe-

AgeasdgeTrca TOIBKO Hepe,l[aTO‘{HbIMI/I XapaKTepI/ICTI/I-
xkamu MKP.

MoaemupoBaHne TaTIHKA JKATKOCTH
Ha ocHoBe MKP

Paspa6orannas mojenb 6e3MapKepHOro MHKPO-
KOJIBIIEBOTO CEHCOpA /I aHAJN3A KUIKOCTEH TIOKa-
3ana Ha puc. 3. JlaTuuk mpemcraBiseTr coboi Kpem-
uuesbli MKP co BcTaBKaMu IPSIMBIX yYACTKOB BOJI-
HOBOoZla Ha Koublle Ha cioe Si0,. B aHIIOA3BIYHOI
JUTeparype Takas KOHCTPYKIWSA TIOJyJujaa Ha-
3BaHme racetrack sa cxosecTh (POPMBI C TOHOUHBIM
tpexkoM. Metogom FDTD mnpu ucmonbszosaunmu [10
Ansys Lumerical 66wt paccunran ceacop MKP, koro-
pblil ©MeT caeayolne TeoMeTpPUIeCcKre IapaMeTphbl
(B MEKpOMeTpax): BHEIIHUY paxuyc — 18; niuuHa mpsa-
Moro y4acrka racetrack — 3; zasop (in-through) —
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0,18; zasop (add-drop) — 0,25; BeICOTA BOMTHOBOmA —
0,22; ronmuua Bonruosoga — 0,4. Pacuer mpoBomui-
ca niasa TE-monpbr.

Kax momxHO 3aMeTuTb, 3HaueHus 3aszopa (pac-
CTOIHHUSA MEXAYy IMPAMBIM BO/JSHOBOJAOM H KOJIBIIOM
MEKP, anea. gap) mna in-through- u add-drop-
BOJIHOBOZIOB pasiuuarorcsa. Ilombop sHaveHus sa-
3opa mjaa in-through- BommOBOma mpowmsBOmMIICA
HA OCHOBE KPUTEpPUS KPUTHYECKOH CBI3HU (aH2..
coupling) BoauoromoB [30, 31]. C ucmonb3oBanuem
FDTD 611 mpousBeeH pacuer 3aTyXaHus B KOJIb-
une MKP u xosdpduumenrtoB csasu. Hamboiee
OMU3KUM K BBIITOJHEHHWI0 YCIOBUS KPUTHYECKOH
CBSI3W OKA3ajI0Ch 3HAUYeHHUe 3a30pa s in-through-
BoJiHOBOZA, paBHoe 0,18 mxm. Hanwuwme add-drop-

in thru

B Puc. 3. Mopens cencopa MKP dopmara racetrack
B Fig. 3. Racetrack MRR sensor scheme

BoMHOBOAA BHOCUT B cucremy MKP momomuuTesnnb-
HOe 3aTyXaHue, BbI3BAHHOE IIEPeXO0I0M JHEPTHHU
u3 Koabna B drop-mopt. IlosTomy BBIGOP 3Haue-
Husa 3asopa add-drop-BosHOBOZA OCYIIECTBIIAICT
C yd4eToM HEOOXOMHUMOCTH OOGECIeYHUTHh BBICOKYIO
IOOPOTHOCTD B peKuMe, 6IM3KOM K KPHUTHYECKO-
MY, II03BOJISIOIIEM ITOBBICHTH YyBCTBUTEIHHOCTD
[30]. Pesonancubie coricrea MKP omnenusanuce
nmo FWHM wu go6poraoctu @ mo dopmymam (1)
u (4) ¢ ydgerom Ttoro, uro a = 0,971; r; = 0,935,
re =0,961; A, =1537,36 mM; L =119,1 MEM;
Ng~ 4,55; Rgpp~ 2,21.

Kax Bummo u3 cnexrpoB mepemaun Ha through-
u drop-opTax cMOZeIUPOBAHHOrO ceHcopa (puc. 4),
IIpy paBHBIX 3HaYeHuAx 3azopa (0,18 mxm) FWHMI1 =
= 270 um, a ipu ornuyatomuxea FWHM2 = 190 awm.
Takum ob6pasom, yBenuuenue sasopa c¢ add-drop-
BoJtHOBOZIOM 0 0,25 MKM CHHBHJIO KO3(HUIHEHT
cBa3u U no3Bonuiao ymenbmntb FWHM u obe-
CIIEYUTH pacyeTHyio mobporHocTs @ ~ 8100.
llanbueiiinee ysenuuyenue 3aszopa c¢ add-drop-
BOJIHOBOJIOM IIPUBOAUT K YMEHBIIEHUIO MOIIHOCTHU
Ha drop-mopTe 10 3HAYEeHUH, 3aTPYIHAOIINX UX Pe-
THCTPAIHIO.

I'paduxr (puc. 5, a) mokaspIBaeT cMeIeHne pes3o-
HAHCHOW JIJTMHBI BOJIHBI [aTYHKA HA drop-ropTe npu
usmenennu [111 ananusupyemoii sxugKoCTH (AHATH-
ta) An,.. IIpu An, = 0,001 3aauenne AL Mexay ABY-
Ms cocemauMu tukamu cocrasuio 0,11 um (puc. 5, 6).
W3 monydeHHBIX pPe3yabTATOB OBLIO OIPENeseHO,
YTO YyBCTBUTEIBHOCTH CEHCOPA

S = AA/An, = 110 am/RIU. (7

1
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B Puc. 4. AUX through- u drop-mopros cencopa
B Fig. 4. Spectra of sensor’s through- and drop-ports
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B Puc. 5. 3aBucumocts cuexrpa nponyckanus gardunka MKP ma drop-mopte (o) u pesoHaHCHON ATHUHEI BOTHEBL faTIuKa (6)

ot IIII anannura

B Fig. 5. The dependence of the sensor MRR transmission spectrum at the drop-port on the analyte RI () and resonant

wavelength of the sensor on the analyte RI (6)

MogenupoBaHne HHTEppOraTropa
Ha ocHoBe MKP u pesyasrarsi
COBMECTHOM CXeMBbI PaGOThI CHCTEMbI

s orcnexxuBaHus W (PUKCHPOBAHHA HU3Me-
HEeHUd pe30HaHCHOfI AJHUHBI BOJHBI OaTYHKaA Ha
®UC npennaraercs HHTEPPOTrAIlUd 10 AMILIUTY/IE.
Metoa wHTEppOTraInuu M0 WHTEHCUBHOCTH 3aKJIIO-
JaeTcsa B UHTepIpeTaIlluu N3MeHeHU Pe30HAaHCHOU
IJIVHBI BOJHBI B U3MEHEHNe MOIITHOCTH Ha BBIXO[E
cucteMbl. B KauecTtBe mHTepporaropa 6bLia pas-
paboTaHa MOMeNIb MHKPOKOJBIIEBOIO pPe30HaTOpa
CO CIeIYIOIIMMH TeOMETPUYECKUMHU ITapaMeTpamMmu
(B MmukpoMerpax): BHemHuU paguyc — 10; 3asop
(in-through) — 0,1; 3asop (add-drop) — 0,1; BBICO-
Ta BoHOBOmAa — 0,22; Tonmuua BoaHOBOma — 0,4.
AYX MKP mpezcrasiena Ha puc. 6.

Hcxona us kpuTepues, IPUBEIEHHBIX B IIPEIbI-
oyIieM pasfeinie, ObLIM OIpeaelieHbl MapaMeTphbI
MEKP wuntepporaropa: mo6poTHOCTE @ cocraBmia
~ 1700, a FWHM ~ 1,1 uMm. IIpu cpaBaenuun AUX
cencopa (cm. puc. 4) u uaTepporaropa (cMm. puc. 6)
mojy4aem, 4To 06a TpeboBaHUs K CEHCOPHOM CUCTe-
Me, IpUBEEHHBIE B pasnene «ApXUTEeKTypa U IPUH-
IIUII JeHICTBUSA IpeAiaraeMoi CEHCOPHOM CUCTEMbI»,
BBITIOJTHAIOTCS.

MogenupoBanue COBMECTHON PabOThI CHCTEMBI
IJIs OTCIIEKUBAHUA W (PUKCHPOBAHUS HU3MEHEHWHS
PE30HAHCHOM [JIWHBI BOJHBI IPOBEIEHO B COOT-
BeTCTBUHM cO cxeMou (cM. puc. 1) B cpeme Lumerical
Interconnect. Ilokasarenp mnperoMiIeHud aHAIH-

1B FAN VAN AN N Va

0,8 N \ / VT~ ) \ \/ i
ool | |

0,4 \/\/

oo LA i

L )V

15636 1538 1540 1542 1544 1546 1548

JlnvHa BOTHBI, HM

Kosddunuenrt nepegauu

—— drop-mopr —— through-nopr

B Puc. 6. AUX through- u drop-moproB uaTepporaropa

B Fig. 6. Transmission spectrum of the through- and
drop-ports of the interrogator

3UPyeMoro BemiecTBa uaMeHsica ot 1,311 go 1,315.
IIupokormosocHOe U3IyUYeHHe OT UCTOYHUKA MOIII-
HocThi0 0 nBM, B KauecTBe KOTOPOrO BBHICTYIIAET
ONA (optical network analyzer), mocrymaer ma
in-mopT ceHcopa, W IpPU BBIMOJHEHUHU YCIOBUA pe-
30HaHCA HA ero drop-IopTe MOABISIETCI H3JIyde-
Hue. J[nanasoH MJIUH BOJH H3Iy4YeHHA — oT 1535
mo 1550 uM. JT0 M3MIydYeHHEe IOMaaaeT Ha in-mopT
naTepporaropa. Ha puc. 7 nokaszaHo, Kax nW3MeHs-
ercai HHTEHCHUBHOCTH H3JIydeHHWs Ha drop-mopre
MHTEpporaropa Ipu H3MeHeHuu n.. llpu cosma-
IeHUW PEe30HAHCHBIX JJIWH BOJIH y HWHTEppOraropa
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B Puc. 7. Crexrp usMeHeHUs K0od(pdunuenTa nepegadu
ceHcopa B 3aBuCcHMOCTH OT pasHbix 1111 ananura

B Fig. 7. Wavelength dependence of the sensor trans-
mission coefficient for the different analyte RIs

U ceHcopa Ha drop-mopTe MHTepporaropa OyayT
MaKCHMAJIbHBINA K09 (DUIIUEHT Iepeqadyn U MaKCH-
MaJbHasd HHTEHCHBHOCTDH OIITUYECKOI'O U3JIy4YeHHusd,
a IIpH IIoNaJaHUHU Pe30HaHCa CeHCopa Ha CepeluHy
FSR wuurtepporaropa kosdduiiment nepegadu 0y-
AeT MUHUMAJIBHBIM, U BCe HU3JIyUYCHHUE HpOfII[eT Ha
through-mopt nuaTepporaropa.

Jlst mocTpoeHus 3aBUCHMOCTH W3MEHEHUS OT-
HOCHTEJIBHOH MOITHOCTH Ha BBIXOZIe CXeMBI OT N
cHauajia (PUKCHPOBAIKNCH WHTEHCHBHOCTH, IIOCTY-
natomue Ha through- u drop-moprsr cerncopa. Atu
pesyabTarTbl LI Kamgoro IopTa OTAEJIBbHO 6I:I.TII/I
nepeBeJleHbl B eQUHUIBI 3JIeKTPUUECKOM MOIIHO-
CTH C YyYeTOM YyBCTBUTEILHOCTH (POTOHETEKTOPA.
3areM 1ud Kaxk0T0 1, ObLI pACCYUTAH YPOBEHD OT-
HOCHUTEJILHOM MOIIHOCTH Ha drop-mopre 1mo gopmy-
ne (6). Pesynbrars! mipeicTaBiieHbl Ha pPuc. 8.

W3 rpadura BugHO, uTO M3MeHeHHe 1, Ha 0,001
MIPUBOJIUT K U3MEHEHHU0 PETHCTPUPYEMOTO IIapame-
Tpa He MeHee yeMm Ha 1,35 1B, uTo mosBosaser ore-
HHUTh 4yBCTBUTEIHHOCTb CUCTEMBI B I[€JIOM II0 aHa-
soruu ¢ popmystou (7):

S = AP/An,, = 1350 nB/RIU.

Heo6xomuMo0 0OTMETHTH, YTO IPU H3TOTOBJIEHUU
mao60it PUC, B TOM 4mCIe CEHCOPHOM, MOTYT BO3HH-
KaTh IPo6JIeMbl, CBI3aHHbIE C JeBUAIIUEH [IIHPUHbI
BOJIHOBOZIA. OTH TMOTPEIHOCTH BO3IEHUCTBYIOT Ha
MIPOU3BOAUTENHHOCTh CHCTEMBI, ITOCKOJBKY [IE€BH-
anus BausgeT Ha dPQeKTuBHbIH u rpynnosoi 111
BOJIHOBOJIOB ¥ KO03(p(pHUIIMEHT CBSI3U B 00/IaCTH Ka-
maunray MKP. Cormacuo [32], crangapTHOe oTKIIO-
HeHMe IIIUPUHBI BOIHOBOAA Ha miardopme SOI mo-
JKeT JOCTUIaTh 3 HM B IpeesaxX OHOM IIACTHHBI
MPW (Multi-Project Wafer). Cornacuo [33], mist pas-
HBIX [UIACTHH CTAHAAPTHOE OTKJIOHEHWE IIHPHHBI
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IToxazarens IIpeJOMJICHUS aHaJIuTa

B Puc. 8. 3aBucuMOCTb W3MEHEHHA OTHOCHTEIHHOU
MorHocTH Ha drop-mopte ot usmenenwus I111 wugrocTr

B Fig. 8. Dependence of the relative power at the inter-
rogator drop-port on the analyte RI

BOJTHOBOZA mocTuraet 6,4 um. [ MakCUMaaIbHOTO
ydJeTa MOrPenrHoCcTed AOCTYIHBIX aaTdopM ObLIH
ornenbHo cmomenuposanbkl MKP wunTepporaropa
¢ meBualmel rabapuToB BOIHOBOAOB +8 u —8 HM.
Kak BugHo wu3 pesyabTATOB MOMAEIUPOBAHUS
(puc. 9), cMmellleHre THKOB PE30HAHCOB COCTABHJIO
2-2,5 HM, YTO 3HAQYUTEJIbHO BJIUSET Ha ITPOU3BO-
IUTENIHHOCTh CHCTEMBI, TAK KaK IUKH PE30HAHCOB
ceHcopa He MOMANYT HA HYKHBIH yYACTOK Xapak-
TEPUCTUKU WHTepporaropa. Pemuth sty mpobiemy
MOKHO TIOJICTPOHKON XapaKTepPUCTUKH HHTEPPO-

NN N
AW A
MINAYA IR
MIVERY IRV
LU UL U]

1535 1540 1545 1550

JlnuHa BOIHBL, HM

Kosddunuenr nepenayu

—— 0e3 neBuanuu —— IeBHAIAI —8 HM

nesuanud +8 HM

B Puc. 9. Crnexrpansuas xapakrepucruka MKP uaTep-
poraTopa Ipy JAeBUAI|H IUPUHBI BOJIHOBOAA +/-8 HM

B Fig. 9. Transmission spectrum of MRR interrogator
at waveguide width deviation +/-8 nm

26 7/ VH®OPMALIMOHHO-YMPABJISIIOLLVE CUCTEMbI

7/ N26,2022



\ WHOOPMALIMOHHO-YMPABJSIOWLUE CUCTEMbl  \

raropa ¢ ucnonabzoBanueMm ¥ HI (cm. puc. 1). C ero
[IOMOII[bI0 MOJXHO HE TOJBKO IIOJCTPAUBATH XapaK-
TEPUCTUKY HHTEPPOraTopa o] AUAIA30H 3HAYCHU N
IJTUH BOJIH CEHCOPOB, HO U PACHIMPUTH 'PAHUI[BI U3-
MEPEeHU IIyTeM CMeIlleHUs CIIeKTPaIbHON XapaKTe-
puctuku onparnrusaiomero MKP.

3akaroueHue

IIpenmosxena KOHIEMIIMSI COBMECTHOH pPabOThI
6e3MapKepHOTO CeHcopa IJIf aHAIM3a W3MEHEeHHU
IIIT u uaTEppOTaTOpa AJNA OMpPOCca YKa3aHHOTO AAT-
yuKa. BeIiGOp WHTEpPpOranuu M0 WHTEHCHBHOCTH
00yCJIOBIIEH TeM, YTO OHa IPOCTA B pean3alluu,
HO IIpH 9TOM O6ecleynBaeT CKOPOCTH OIpOoCca CH-
CTeMbI W PAa3PelIaoyl0 CIOCOOHOCTH, HOCTATOY-
HYIO IJIf IIPUMEHEHWsS BO MHOTHX 00JIACTAX, Ha-
npuMep B OMOMEIHIIMHCKUX U IIPOMBIIIIEHHBIX
IIPUJTOKECHUAX. I[.TIH IIOBBIIIEHUSI YYBCTBUTEJIBHO-
CTH CTPYKTYpPBI [PUBEAEHBI HEOOXOIUMBIE KPUTe-
pun ranubposku aByx MKP, 6r1aromaps xoTopbiM

YAAJI0CTh MJOCTHYL UYYBCTBUTEIBHOCTH CHCTEMBI
110 am/RIU gna marumka mam 1350 nBb/RIU paa
cucreMbl B nenoM. OnucaHHbBIA CII0CO0 U3MEepeHus
BBIXOJTHOTO CUTHAJIAa JOIOJHUTEIHHO II03BOJIAET U3-
6aBUTH CEHCOPHYIO CHCTEMY OT HETATHUBHOTO BJIU-
HUA QIYKTyanui BBIXOAHON MOITHOCTH IIXPOKOIIO-
JIOCHOTO MCTOYHUKA H3J[y4eHUd, YTO AACT BO3MOIK-
HOCTB CYILECTBEHHO CHU3UTH TPEOGOBAHUI K TAKUM
HUCTOYHUKAM U, KaK CIeJCTBHE, CI0KHOCTh U CTOU-
MOCTH CEHCOPHOHU CHCTEMBI.

duHaHCOBAA MOAAEPKKA

HccnemoBaHue BBIIOTHEHO B paMKax pabor
II0 TOCyIapCTBEHHOMY 3amaHuio MuHOOpHAyKHU
Poccun mnss ®I'BOY BO «YTATY» (kom HaydHOMH
Tembl #FEUE-2021-0013, cormamenune Ne 075-03-
2021-014) B MOIOMEKHON HAYYHO-HCCIETO0BATEb-
ckoit maboparopuu HOII «Cencopubie cucTeMbl HA
OCHOBE YCTPOHCTB MHTErPaIbHON (POTOHUKM».

JImreparypa

1. Tai H., Wang S., Duan Z., Jiang Y. Evolution of
breath analysis based on humidity and gas sensors:
Potential and challenges. Sensors and Actuators B:
Chemical, 2020, vol. 318, 128104. Available at: https://
www.sciencedirect.com/science/article/pii/S0925400
520304548?casa_token = KtnazLoMakoAAAAA:r-
KxSJAoDrlzgkKmangRtE7Zqsc92dSRalvjow-
Ho96TZEm-zHluewom7ythcoWQz9iYtjIY1A47x
(mara obparmenns: 28.08.2022). doi:10.1016/j.snb.2020.
128104

2. Asadzadeh S., de Oliveira W. J., de Souza Filho C. R.
UAV-based remote sensing for the petroleum industry
and environmental monitoring: State-of-the-art and
perspectives. Journal of Petroleum Science and Engi-
neering, 2022, vol. 208, 109633. Available at: https://
www.sciencedirect.com/science/article/pii/
S0920410521012675%casa_token = G2v7GZw0qdQA-
AAAA:ACiF13W5hucm3sbu8M6B1EfuWZdfsyijdP-
pvfLcIUCtZyoFulWvslfgLMLP75BK0a99Wn882WG-
Wn (mara obpamenua: 28.08.2022). doi:10.1016/j.pet-
r0l.2021.109633

3. Arroyo P., Gomez-Suarez J., Herrero J. L., Lozano J.
Electrochemical gas sensing module combined with
unmanned aerial vehicles for air quality monitoring.
Sensors and Actuators B: Chemical, 2022, vol. 364,
131815. Available at: https:/www.sciencedirect.com/
science/article/pii/S0925400522004579?via%3Dihub
(mara obpamenus: 28.08.2022). doi:10.1016/j.snb.
2022.131815

4. Zhang Q., Zhou Q., Lu Z., Wei Z., Xu L., Gui Y. Re-
cent advances of SnO,-based sensors for detecting
fault characteristic gases extracted from power trans-

former oil. Front. Chem., 2018, vol. 6, 364. Available
at: https:/www.frontiersin.org/article/10.3389/fchem.
2018.00364/full (mara ob6pamenus: 28.08.2022).
doi:10.3389/fchem.2018.00364

5. Kondalkar V. V., Park J., Lee K. MEMS hydrogen
gas sensor for in-situ monitoring of hydrogen gas in
transformer oil. Sensors and Actuators B: Chemical,
2021, vol. 326, 128989. Available at: https:/www.sci-
encedirect.com/science/article/pii/S09254005
20313368?via%3Dihu (mara o6pamenns: 28.08.2022).
doi:10.1016/j.snb.2020.128989

6. Luan E., Shoman H., Ratner D. M., Cheung K. C.,
Chrostowski L. Silicon photonic biosensors using la-
bel-free detection. Sensors, 2018, vol. 18, 3519. Availa-
ble at: https:/www.mdpi.com/1424-8220/18/10/3519
(mara oopamurenus: 28.08.2022). doi:10.3390/s18103519

7. Ciminelli C., Dell’Olio F., Conteduca D., Armeni-
se M. N. Silicon photonic biosensors. IET Optoelec-
tronics, 2019, vol. 13, iss. 2, pp. 48-54. doi:10.1049/iet-
opt.2018.5082

8. Chandrasekar R., Lapin Z. J., Nichols A. S.,
Braun R. M., Fountain A. W. Photonic integrated cir-
cuits for department of defense-relevant chemical and
biological sensing applications: State-of-the-art and
future outlooks. Opt. Eng., 2019, vol. 58, 1. Available
at:  https://www.spiedigitallibrary.org/journals/opti-
cal-engineering/volume-58/issue-02/020901/Photon-
ic-integrated-circuits-for-Department-of-Defense-rel-
evant-chemical-and/10.1117/1.0E.58.2.020901.full?S-
SO=1 (mara obpamenus: 28.08.2022). doi:10.1117/1.
OE.58.2.020901

9. Morais E., Pontes M. J., Marques C., Leal-Junior A.
Liquid level sensor with two FBGs embedded in a
PDMS diaphragm: Analysis of the linearity and sensi-

N26,2022 N\

WH®OPMALIMOHHO-YMPABJISIIOLLME CUCTEMbl  \ 27



/VIHCDOPMALI,VIOHHO-YI'IPABHFIIOLIJ.VIE CUCTEMBDI /

tivity. Sensors, 2022, vol. 22, 1268. Available at:
https:/www.mdpi.com/1424-8220/22/3/1268 (mara
obpamienus: 28.08.2022). doi:10.3390/s22031268

10.Yang D., Liu Y., Wang Y., Zhang T., Shao M., Yu D.,
Fu H., Jia Z. Integrated optic-fiber sensor based on
enclosed EFPI and structural phase-shift for discrim-
inating measurement of temperature, pressure and
RI. Optics & Laser Technology, 2020, vol. 126, 106112.
Available at: https:/www.sciencedirect.com/science/
article/pii/S0030399219313027?via%3Dihub  (mara
obpamenus: 28.08.2022). doi:10.1016/j.optlastec.2020.
106112

11.Li H., An Z., Mao Q., Zuo S., Zhu W., Zhang S.,
Zhang C., Li E., Garcia J. D. P. SOI waveguide bragg
grating photonic sensor for human body temperature
measurement based on photonic integrated interroga-
tor. Nanomaterials, 2021, vol. 12, 29. Available at:
https://www.mdpi.com/2079-4991/12/1/29 (mara
obparenuns: 28.08.2022). doi:10.3390/nano12010029

12.Liu Y., Liu X., Zhang T., Zhang W. Integrated FPI-
FBG composite all-fiber sensor for simultaneous
measurement of liquid refractive index and tempera-
ture. Optics and Lasers in Engineering, 2018, vol. 111,
pp. 167-171. doi:10.1016/j.optlaseng.2018.08.007

13.Vogelbacher F., Kothe T., Muellner P., Melnik E.,
Sagmeister M., Kraft J., Hainberger R. Waveguide
mach-zehnder biosensor with laser diode pumped in-
tegrated single-mode silicon nitride organic hybrid
solid-state laser. Biosensors and Bioelectronics, 2022,
vol. 197, 113816. Available at: https://www.sciencedi-
rect.com/science/article/pii/S0956566321008538?
via%3Dihub (mara o6pamenus: 28.08.2022). doi:10.
1016/j.bios.2021.113816

14. Sun X., Dai D., Thylén L., Wosinski L. High-sensitiv-
ity liquid refractive-index sensor based on a mach-zeh-
nder interferometer with a double-slot hybrid plas-
monic waveguide. Opt. Express, 2015, vol. 23,
pp. 25688-25699. doi:10.1364/0E.23.025688

15.Crespi A., Gu Y. Three-dimensional Mach — Zehnder
interferometer in a microfluidic chip for spatially-re-
solved label-free de-tection. Lab Chip, 2010, vol. 10,
iss. 9, pp. 1167-1173. doi: 10.1039/B920062B

16.Wu S., Guo Y., Wang W., Zhou J., Zhang Q. Label-free
biosensing using a microring resonator integrated
with poly-(dimethylsiloxane) microfluidic channels.
Review of Scientific Instruments, 2019, vol. 90, 035004.
Available at: https://aip.scitation.org/doi/abs/10.1063/
1.5074134 (mara ob6pamenus: 28.08.2022). doi:10.
1063/1.5074134

17. Gangwar R. K., Qin J., Wang X. Porous silicon-based
microring resonator for temperature and cancer cell
detection. Front. Phys., 2022, vol. 10, 929033. Availa-
ble at: https://www.frontiersin.org/articles/10.3389/
fphy.2022.929033/full (zata o6pamenus: 28.08.2022).
doi:10.3389/fphy.2022.929033

18.Bahadoran M., Seyfari A. K., Sanati P., Chua L. S.
Label free identification of the different status of ane-
mia disease using optimized double-slot cascaded mi-

croring resonator. Sci Rep, 2022, vol. 12, 5548. Avail-
able at: https://www.nature.com/articles/s41598-022-
09504-2 (gara o6pamennsa: 28.08.2022). doi:10.1038/
$41598-022-09504-2

19.Zinoviev K., Carrascosa L. G., Sanchez del Rio J.,
Sepulveda B., Dominguez C., Lechuga L. M. Silicon
photonic biosensors for lab-on-a-chip applications.
Advances in Optical Technologies, 2008, vol. 2008,
383927. Available at: https://www.hindawi.com/jour-
nals/aot/2008/383927/ (zata o6pamenus: 28.08.2022).
doi:10.1155/2008/383927

20.Bogaerts W., De Heyn P., Van Vaerenbergh T.,
De Vos K., Kumar Selvaraja S., Claes T., Dumon P.,
Bienstman P., Van Thourhout D., Baets R. Silicon
microring resonators. Laser & Photon. Rev., 2012,
vol. 6, pp. 47-73. d0i:10.1002/lpor.201100017

21.Huang L., Yan H., Xu X., Chakravarty S., Tang N.,
Tian H., Chen R. T. Improving the detection limit for
on-chip photonic sensors based on subwavelength
grating racetrack resonators. Opt¢. Express, 2017,
vol. 25, pp. 10527-10535. do0i:10.1364/0E.25.010527

22.Wu N., Xia L. Side-mode suppressed filter based on
anangular grating-subwavelength grating microring
resonator with high flexibility in wavelength design.
Appl. Opt., 2019, vol. 58, pp. 7174-7180. doi:10.1364/
A0.58.007174

23.Zhao C. Y., Zhang L., Zhang C. M. Compact SOI op-
timized slot microring coupled phase-shifted bragg
grating resonator for sensing. Optics Communica-
tions, 2018, vol. 414, pp. 212-216. doi:10.1016/j.opt-
com.2018.01.010

24, Stowikowski M., Kazmierczak A., Stopinski S., Bi-
eniek M., Szostak S., Matuk K., Augustin L., Pi-
ramidowicz R. Photonic integrated interrogator for
monitoring the patient condition during MRI diagno-
sis. Sensors, 2021, vol. 21, 4238. Available at: https://
www.mdpi.com/1424-8220/21/12/4238. (mara o0pa-
menus: 28.08.2022). doi:10.3390/s21124238

25.Yao J. Microwave photonic sensors. J. Lightwave
Technol., 2021, vol. 39, pp. 3626-3637. doi:10.1109/
JLT.2020.3047442

26. Tozzetti L., Bontempi F., Giacobbe A., Pasquale F. D.,
Faralli S. Fast FBG interrogator on chip based on sil-
icon on insulator ring resonator add/drop filters.
J. Lightwave Technol., 2022, vol. 40, pp. 5328-5336.
doi:10.1109/JLT.2022.3174770

27.Chew 8. X,, Yi X,, Yang W., Wu C., Li L., Nguyen L.,
Minasian R. Optoelectronic oscillator based sensor
using an on-chip sensing probe. I[EEE Photonics oJ.,
2017, vol. 9, no. 2, pp. 1-9. doi:10.1109/JPHOT.
2017.2671461

28.Yao J. Optoelectronic oscillators for high speed and
high resolution optical sensing. J. Lightwave Technol.,
2017, vol. 35, no. 16, pp. 3489-3497. doi:10.1109/
JLT.2016.2586181

29.Yao J. Photonic generation of microwave arbitrary
waveforms. Optics Communications, 2011, vol. 284,
pp. 3723-3736. doi:10.1016/j.optcom.2011.02.069

28 7/ VH®OPMALIMOHHO-YMPABJISIIOLLVE CUCTEMbI

7 N26,2022



\ WHOOPMALIMOHHO-YMPABJSIOWLUE CUCTEMbl  \

30.Milvich J., Kohler D., Freude W., Koos C. Integrated

phase-sensitive photonic sensors: A system design tu-
torial. Adv. Opt. Photon., 2021, vol. 13, pp. 584-642.
doi:10.1364/A0OP.413399

31. Cardenosa-Rubio M. C., Robison H. M., Bailey R. C.

Recent advances in environmental and clinical analy-
sis using microring resonator-based sensors. Current
Opinion in Environmental Science & Health, 2019,
vol. 10, pp. 38—46. doi:10.1016/j.coesh.2019.09.001

diction for silicon photonics integrated circuits with
layout-dependent correlated manufacturing variabili-
ty. Opt. Express, 2017, vol. 25, pp. 9712-9733.
doi:10.1364/0OE.25.009712

33.Siew S. Y., Li B., Gao F., Zheng H. Y., Zhang W.,

Guo P., Xie S. W., Song A., Dong B., Luo L. W,, Li C.,
Luo X., Lo G.-Q. Review of silicon photonics technol-
ogy and platform development. JJ. Lightwave Technol.,
2021, vol. 39, pp. 4374-4389. doi:10.1109/JLT.2021.

32.Lu Z., Jhoja J., Klein J., Wang X., Liu A., Flueck- 3066203
iger J., Pond J., Chrostowski L. Performance pre-

UDC 681.586.5
doi:10.31799/1684-8853-2022-6-20-30
EDN: VOWUUQ

Fully integrated optical sensor system with intensity interrogation

G. S. Voronkova, PhD, Tech., Senior Researcher, orcid.org/0000-0002-8788-2696, voronkov.gs@ugatu.su
A. G. Zakoyan?, Student, orcid.org/0000-0002-6362-0755

V. V. Ivanov?, Post-Graduate Student, orcid.org/0000-0002-4716-9466

A. V. Voronkova?, PhD, Tech., Senior Researcher, orcid.org/0000-0002-7060-952X

I. V. Stepanov?, Post-Graduate Student, orcid.org/0000-0003-4677-5808

E. P. Grakhova?, PhD, Tech., Acting Head of Labs, orcid.org/0000-0003-2207-2702

V. S. Lyubopytov?, PhD, Tech., Senior Researcher, orcid.org/0000-0003-1535-5341

R. V. Kutluyarov?, PhD, Tech., Senior Researcher, orcid.org/0000-0003-2724-6978

aUJfa University of Science and Technology, 32, Z. Validi St., Ufa, 450076, Russian Federation

Introduction: Today sensor systems based on integrated photonics devices are the most important branch of embedded information
and control systems for various functions. The output characteristics of a sensor system are significantly determined by the efficiency of
the interrogator. The intensity interrogator based on a microring resonator can provide a high scanning rate and sensitivity that meets the
requirements of a wide range of applications. Purpose: To develop an effective sensor system composed of a refractometric sensor and an
interrogator located on the same photonic integrated circuit for marker-free determination of the concentration of substances in liquids.
Methods: We use the numerical simulation of electromagnetic field propagation in a waveguide system (integrated silicon waveguides
on a silicon dioxide substrate) in the research. The simulation has been carried out using the Ansys Lumerical environment, the FDTD
(Finite Difference Time Domain) solver. The parameters of the microring resonators were optimized to obtain the coupling coefficients
between the waveguides, providing the operation in the critical coupling mode. Results: We propose the concept of a fully integrated
photonic sensor system based on micro-ring add-drop resonators. A sensor based on microring resonators has been developed, which
consists of two half-rings with a radius of 18 um, connected by sections of straight waveguides 3 um long. An interrogator represented by
a microring resonator with a radius of 10 um has been developed. According to simulation results with a broadband source, the achieved
sensor sensitivity was 110 nm (or 1350 dB) per refractive index change. We propose a technique for choosing the optimal characteristics of
the sensor and interrogator targeted to improve the complete system efficiency. Practical relevance: Sensor systems based on photonic
integrated circuits can meet the demand for devices characterized by low power consumption, small size, immunity to electromagnetic
interference and low cost.

Keywords — photonic integrated circuits, intensity interrogation, sensor, sensor system, microring resonator.
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Introduction

Often, software developers are faced with situa-
tions when their programs do not compile, run ab-
normally slowly, or not as they should. Sometimes
these problems are results of compiler errors: bug
trackers of popular compilers (clang, gcc, javac, etc.)
contain tens of thousands of bugs found by users.
The quality and reliability of compilers is the prima-
ry target of language development teams. For exam-
ple, in the Kotlin (https:/kotlinlang.org/) compiler
project bug tracker at the beginning of February
2022 there are 30,256 issues (https://youtrack.jet-
brains.com/issues?q=%23Kotlin). Most of them
were found by users of the language, who, with each
error they find, feel less and less desire to work with
the compiler. Despite the huge number of manually
written tests, compiler developers and testers can-
not cover all the use cases of the language, since the
number of possible programs is infinite.

How can we try to reduce the number of errors
faced by compiler users? This is where the methods
of automatic testing of compilers can help us, one of
the most popular of which is fuzzing. Fuzzing was
invented in 1988 at a Barton Miller seminar at the
University of Wisconsin [1]. Fuzzer was a program
that generated random sequences of characters and
fed them to the input of UNIX command line utilities
and see if the program crashed on the generated data

or not. It means that the compiler fuzzer should gen-
erate correct random programs in the target language
and check whether they will be compiled correctly.

In this paper we are presenting a platform for
compiler fuzzing, named Backend Bug Finder (BBF)
and the implementation on its basis of the Kotlin
compiler fuzzer. This tool is designed to find bugs
related to the correct work of the compiler, and to
its performance. Our fuzzer is mutational, it takes
manually written code as input and tries to modify
it in a non-trivial way. In addition to the test genera-
tion, BBF implements algorithms for bugs post-pro-
cessing: deduplication and reduction. The results of
the tool are highly appreciated by the language de-
velopment team and are useful in practice.

Related works

Even before the fuzzing was coined, there were
various attempts to automatically test compilers
with randomly generated programs as early as
50 years ago. This section discusses the develop-
ment of compiler fuzzing area, as well as the most
popular approaches and tools. Comprehensive over-
view of the compiler testing area is given in the ar-
ticle by Chen J. et al. [2].

The purpose of any compiler fuzzer is to generate
a random, non-trivial, correct program and check
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the compiler’s work on it. Why should generated
programs be non-trivial? Because bugs in all trivial
programs have long been fixed. And as the compil-
er develops, the complexity of error-containing pro-
grams increases. Why do generated programs need
to be correct? A syntactically incorrect program can
only test the parser. Semantically incorrect ones
can find compiler errors, but in practice such cas-
es will never occur and fixing such bugs will not
lead to a significant improvement in the quality of
the compiler. So automatic program generation for
compiler testing is a big problem. All approaches for
production of compiler tests can be divided into two
groups: generative and mutational ones. It follows
from the titles that generative approaches try to
generate programs in some way, while mutational
approaches modify existing ones.

At the beginning of the development of the com-
piler fuzzing area, the most obvious and simple
approach was implemented: the generation of code
based on grammar. Purdom implemented such a
generator in his work [3]. The algorithm consists in
iterating by the production rules of grammar, and
trying to compile the resulting code. This approach
is suitable only for testing parsers, since almost all
the code obtained in such a way is semantically in-
correct. After that, various researchers introduced
improved types of grammars, which allowed to add
semantic rules into the generation process (affix,
attribute, W-grammars) [4-6]. Unfortunately, for
modern programming languages, none of them al-
lows to generate non-trivial, semantically correct
programs.

The work of Kreutzer P. et al. [7] can be consid-
ered as one of the modern grammar-based approach-
es. The authors presented a language for describing
attribute grammars that contain both syntactic and
semantic rules of the target programming language
in a declarative way. The disadvantage of this ap-
proach is that in practice, it is hardly possible to
write such grammar covering all modern language
features and ways of their interaction. Therefore, in
practice, it is limited to a small subset of the lan-
guage.

In addition to grammar-based approaches, there
are methods that somehow use grammar to im-
prove the generation process (grammar-aided ap-
proaches). The most famous grammar-aided tool is
CSmith [8], designed for testing C/C++ compilers.
The difference between this tool and the approach-
es described above is that the program generation
rules are described manually in the source code.
The generation process consists of creating a set
of data structures and the main function, which
contains various scenarios of their use. Each gen-
eration step uses a grammar to understand which
production rule can be applied and performs a set
of checks to ensure that the resulting program is

correct and free from undefined behavior. Over the
years, the tool has found a large number of bugs in
the GCC and Clang compilers, which greatly helped
the developers.

Besides of the mentioned, there are a huge num-
ber of generative approaches that implement vari-
ous ideas, for example, deriving generation rules
from existing code in the target programming lan-
guage [9], using machine learning [10], testing cer-
tain compiler features in programming language
compilers by writing a generator of the necessary
expressions [11], etc.

As was written earlier, in addition to generative
approaches, there are also mutational approaches.
They differ from generative ones in that they use an
existing program in the target programming lan-
guage as an initial seed and try to somehow modify
part of it to get a new one. Mutational approaches
are divided into two groups: preserving and not pre-
serving the original semantics.

Semantic-preserving mutational approaches
are based on the equivalence modulo inputs [12].
The main idea of equivalence modulo inputs is that
two programs are equivalent to each other under a
set of input data if for each input of the set their
behavior is the same. It means that mutations by
construction should produce code that is semanti-
cally equivalent to the original one. Next, we check
that programs that are syntactically different but
semantically equivalent actually work the same
way. Examples of such mutations can be different:
changes to dead code that are not affected during
program execution, or, conversely, its insertion.
A more difficult example can be various options for
replacing random expressions in a program with
equivalent ones. Despite the shown efficiency and
usefulness, this type of mutation is not intended for
full-fledged testing of compilers, because it is very
limited.

Non-semantic-preserving mutations are those
that change the semantics of the program. It can
be anything: replacing the signs of arithmetic ex-
pressions, variables renaming, changing the class
hierarchy, etc. Such mutations do not guaran-
tee the semantic correctness of the resulting pro-
gram, so after each mutation it should be checked,
and, in case of incorrectness, it is necessary to roll
back to the previous correct state. Non-semantic-
preserving mutations can be performed on different
types of code representation: text, abstract syntax
tree (AST), control flow graph, etc. For example,
Chen et al. in their work [13] successfully used
129 non-semantic-preserving mutations to test va-
rious Java Virtual Machine (JVM) implementations
and found more than 50 bugs in it. Another good
example is Holler’s work on finding vulnerabilities
in the JavaScript (JS) interpreter of Mozilla Firefox
[14]. The main idea is to replace non-terminal sym-
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bols with non-terminals of the same type, but from
other programs. In order to increase the probability
of producing correct code, the authors implemented
a set of heuristics, such as changing variable names,
etc.

As can be seen from this section, compiler test-
ing is a very big and practically useful scientific area
separate from classic fuzzing. Each of the tools given
as an example found a big number of errors. Ideally,
a compiler fuzzer should be used in the development
of any programming language, regardless of the ap-
proach that it implements, as practice shows, it will
find some errors and help users to use the program-
ming language more safely. Unfortunately, almost
all tools are designed to test a specific programming
language or even specific compiler, so creating one
for Kotlin is an actual task.

BBF in detail

Backend Bug Finder is a platform for finding
bugs in the programming languages compilers.
Its development began in 2019 and is still ongo-
ing. Project is open source and available on Github
(https://github.com/DaniilStepanov/bbfgradle). In
this section we will consider in detail its structure
and operation principle: from methods for producing
test cases to post-processing of results.

BBF overview

Our platform for compiler fuzzing (Fig. 1) con-
sists of a number of components. In this section, we
will consider the purpose and algorithm of each of
them.

Test generator is responsible for test generation.
From all the existing approaches, we decided to im-
plement non-semantic-preserving mutations that
are applied in random order to a random test from
the initial test suite. The output of the test genera-
tor is a mutant program to check the correctness of
the compiler. The mutation process is directed us-
ing the information received from the compilation
checker, which allows one to understand that the
current mutant is incorrect or meaningless and do
not work with it further.

A component called compilation checker, also
known as a test oracle, is responsible for exchanging
information with the compiler. The input for this
component is a mutant program, which it sends to
the compiler for execution and analyzes the output,
which is then passed to the test generator to direct
its work. If a bug was found, then it is transferred to
the bug manager for post-processing.

Bug manager is the component responsible for
the found bugs post-processing. Usually, it includes
algorithms for deduplication, reduction and iso-
lation of errors. The output of this component is a
well-formatted and minimized test containing a bug
previously not found in the compiler, ready to be au-
tomatically or manually submitted to the appropri-
ate bug tracker.

Test generator

As mentioned earlier, non-semantics-preserv-
ing mutations were chosen for implementation in
the BBF. The grammar-based approach is not very
suitable for testing common language compilers due
to their complexity. A large number of different fea-
tures are implemented in the language, and manual
description of the rules for its generation requires
too much time with no guarantee of results.

Mutations in the BBF can be as diverse as pos-
sible: from simple ones like swap random lines or
replace plus to minus to complicated mutations with
class hierarchy modifications. In addition to such
mutations, the platform also provides the ability to
write partial generation: for example, random func-
tions or classes.

All mutations are applied in random order and
with different probabilities to provide a variety of
resulting mutants. It is important to note that since
our mutations do not guarantee the preservation
of the semantics and correctness of the test, after
each of them a check is necessary: if the resulting
mutant is incorrect, a rollback to the previous state
is performed. We get such information from the or-
acle after compilation and execution of the obtained
mutant.

As input, the test generator takes a random test
from the compiler’s test seed, which is usually man-
ually written by developers or testers. To improve

Test Test cases Compilation Bug
generator - checker Bugs R manager
Compiler
tput
Compiler outp Target Compiler
tests compiler bug tracker

B Fig. 1. Backend Bug Finder overview
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the quality of fuzzing, they should be diverse and
cover all language features and constructions. All
tests must have a single structure: at the beginning,
a set of various data structures, functions, and oth-
er top-level objects is defined, after which a function
is declared that contains different scenarios for us-
ing the previously described components.

Mutations can be performed over two types of
source code representation: textual and abstract
syntax tree (AST). The textual representation can
be used for simple mutations using regular expres-
sions or line-level modifications. The AST is used
for more complex transformations, such as chang-
ing the structure and architecture of tests. For ex-
ample, when modifying a function argument, you
have to modify all the call places. To improve the
mutation process, the AST can be extended with
various semantic information obtained from code
analysis: types, descriptors, and so on.

Compilation checker

The compilation checker is used to determine
that the compiler is not working correctly. To do
this, the program obtained from the test generator
is compiled and executed, after which the result of
compiler work is analyzed. In terms of fuzzing, the
compiler is a program under test (PUT) and the
compilation checker is a test oracle. According to
the type of information received from the compil-
er, test oracles are divided into black-box, gray-box
and white-box. In the case of black-box oracle, we
only get information from the program I/O stream,
which does not allow us to direct the fuzzing pro-
cess in any way. The gray-box oracle receives addi-
tional information from the PUT, usually its cover-
age, which is then used to target the fuzzing pro-
cess to cover necessary source code. In white-box
testing, a PUT model is built, on which symbolic
execution methods are used to generate new input
test data.

In terms of getting information from the compil-
er, BBF is a black-box fuzzer — we work only with
the information received from compiler I/O. The
generation of tests for compiler testing is very dif-
ferent from generation of not structured input data
for other programs, and in the case of target compil-
er testing, using coverage information as in general
fuzzing will not give an increase in testing quality.
Also, practice shows that prioritization of various
mutations also does not increase the quality of com-
mon compiler fuzzing. Work on using compiler cov-
erage information to improve the quality of target
fuzzing is one of the directions for future work.

Regarding the types of bugs we are searching for,
compilers are large and diverse software projects, so
errors are not limited to crashes. This section dis-
cusses the types of bugs we are looking for and how
we detect them.

Compiler crashes are the most common and easi-
ly detected kind of errors. To find bugs of this type,
we just need to parse the message that the compil-
er ends with. This type of error occurs most often.
With such an error, you will not be able to run the
resulting code, because the compiler for some rea-
son could not compile it.

The next type of bug is much more dangerous
and is called “miscompilation”. This situation oc-
curs when the compiler works correctly, but the be-
havior of the program does not correspond to the
semantics of the language. To search for this type
of errors we need to compile the program with dif-
ferent compilers (or different versions or modes of
the same compiler), instrument the compiled code
and check its behavior at runtime. If the behavior
of the program compiled in one of the modes or by
one of the compilers differs from the others, then at
least we have found an interesting situation, and as
a maximum this situation turns out to be a bug.

Last but not least are performance bugs. This
type of error is associated either with too long com-
pilation time, or, more seriously, with abnormally
high execution time. Such errors are also detected
using the “voting” system, but the whole difficulty
lies in measuring the program running time, since
the measurement error usually makes it difficult to
separate bugs from false positives. BBF deals with
such situations by adjusting the number of test runs
until the measurement error becomes negligible.

Of course, considered bug types list is not final.
The types of bugs to be found are limited only by
the developer’s imagination. As a part of the project,
work was done to find errors in the Kotlin language
compiler plugin, in application binary interface, cer-
tain components of the compiler, etc.

Bug manager

Practice shows that without this component it is
impossible to effectively test the compiler. For ex-
ample, usually, in a few hours of work, fuzzer finds
more than a hundred bugs, almost all of which are
duplicates. In addition to a large number of du-
plicates, test cases that lead to an error contain a
large amount of irrelevant information, the manual
removal of which takes a lot of time. It means that
any fuzzing platform should contain post-process-
ing algorithms. They typically include reduction,
deduplication, and isolation algorithms.

Reduction is designed to remove information ir-
relevant to error from the test. Practice shows that
most often the minimized test takes less than 10 lines,
while the generated one is many times larger. To re-
duce tests in BBF, we implemented a hybrid approach:
several language-agnostic methods and infrastruc-
ture to implement language-specific transformations.
Language-specific transformations are intended for
complex changes in the structure of the code that can-
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not be done using automatic methods, for example,
when removing a function argument, you must re-
move it in all call sites. Transformations run one after
another until the test is no longer minimized. Reducer
overview is shown in Fig. 2.

Hierarchical delta debugging [15] and static
backward slicing [16] were chosen as language-in-
dependent methods that remove most of informa-
tion irrelevant to error. The hierarchical delta de-
bugging algorithm is based on the idea that on each
level of the AST, representing the code with a bug,
we are looking for the minimum set of vertices on
which the desired error continues to be reproduced,
and the vertices that do not affect this are deleted.

Slicing creates a program slice that contains only
code that affects a slicing criterion. In our case, the
slicing criteria are the variables found in the line
of the test that contains the error. There are sev-
eral types of slicing with different complexity and
quality of work, we chose static backward slicing,
which works at the intraprocedural, function and
class levels.

As a result, the reduction algorithm removes
significant amount of information irrelevant to the
bug and greatly improves the manual processing of
fuzzing results.

Practice of applying any compiler fuzzing shows
that without deduplication, manual processing of
found bugs takes too much time. It should be noted
that the algorithms described in this section do not
completely solve the problem of duplicates, allowing
both false-positive and false-negative situations, but
still significantly reduce the time of manual pro-
cessing of results.

The first idea that comes to mind for filtering
duplicates is that the same bugs have similar stack-
traces. So, we decided to compare them. For this
purpose, we are using Myer’s difference algorithm
[17]. The result of the algorithm is a similarity co-
efficient (0 <= &k <= 1). If the coefficient exceeds a
previously empirically selected threshold, then the
bugs are considered duplicates. Algorithm is shown
in Fig. 3, a.

As is clear from the description, stacktraces are
required for this algorithm to work, but they are
available only in case of a compiler crash. What
about other types of bugs when we don’t have any-
thing to compare? The solution to this problem lies
in the scientific field called “Bug Isolation” [18]. The
task of bug isolation algorithms is to determine the
place in the source code of the PUT, which is the
cause of the error. The result of the algorithm is a
set of files sorted by the probability of containing
bug in it. The main idea of our method is the hy-
pothesis that bugs are duplicates if they are in the
same place in the compiler source code. To deter-
mine the source of the error, the method of gener-
ating witness programs described in the article by

/
/
/ I
/
/
Target program // Transformations
/
J /
/
Reducer Slicing
\ N
\
\\ Hieracrhical
Reduced program N delta
\\ debugging
N
N
N
B Fig. 2. Reducer overview
a)
dupl kt — Stacktracel Meyers
il — Similarity K
dup2.kt— Compiler| Stacktrace2 algorithm
b)
duoLkt Files rating 1
upl.kt — N
. Bug Files rating 2| _. C.OS . [ Similarity K

dup2.kt— isolation similarity

B Fig. 3. Bug deduplication algorithms: a — using
stacktraces comparison; b — using bug isolation tech-
niques

Chen et al. [19] is used. Scheme of the algorithm is
shown in Fig. 3, b.

Kotlin compiler fuzzing tool
implementation

Based on the platform described in the previous
section, we have implemented a tool for the Kotlin
compiler fuzzing. In this section we would like to
discuss some of the more interesting implementa-
tion details.

Working with Kotlin

To implement our tool, we need to be able to build
a structural representation of Kotlin code, be able to
modify it, and also effectively test the compiler on
it. All the necessary tools are already implemented
inside the Kotlin compiler, so we decided to build a
tool on top of it. In order not to be part of a huge pro-
ject, we decided to use the necessary compiler mod-
ules as libraries. However, this solution also has a
drawback —when updating the compiler version, the
versions of the libraries do not always remain com-
patible, which makes the update impossible.
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The compiler infrastructure also allows us to
use the Program Structure Interface (PSI) trees
(https://plugins.jetbrains.com/docs/intellij/psi.
html) — traditional concrete syntax tree imple-
mentation used in JetBrains IntelliJ Platform.
PSI is a standard way of representing structured
code inside a Kotlin compiler. In addition to syn-
tactic information, the tree contains information
obtained from code analysis: types, descriptors,
and so on. PSI makes it easier to perform the
modification of the code and allows you to make
changes that cannot be made with only syntactic
information.

Also, using the compiler as a library makes it
possible to compile code much more efficiently due
to the lack of overhead for running compilation ex-
ternally. But it is worth noting that in the case of
the Kotlin compiler, after a few hours it starts to
work more and more slowly, so sometimes the fuzz-
ing process needs to be restarted.

Test generator implementation

For the Kotlin language we have implemented
more than 50 mutations that are performed over
two types of code representation: text and PSI. In
this section, examples of interesting and diverse
mutations will be given; a complete list can be found
in the source code of the tool. To improve the muta-
tion process, a random type generator and a gener-
ator of random expressions of the given types were
implemented. It is also possible to work with the
Kotlin standard library or use external ones.

The initial seed for the test generator is tests for
the Kotlin compiler, written manually by the devel-
opers (https:/github.com/JetBrains/kotlin). There
are quite a lot of them (6000+), they are diverse
and cover all language features and constructions.
Tests have a single structure: at the beginning, a
set of various data structures, functions, and other
top-level objects is defined, after which a function
named box is declared that contains different sce-
narios for using the previously described compo-
nents.

PSI modifier

This mutation is designed to modify the PSI with-
out using any semantic information. Nodes in the
tree can be swapped, added, removed, or changed to
nodes of the same type from other tests. Let’s con-
sider the last item in more details. An example of
such an operation is shown in Fig. 4. For this muta-
tion to work, first of all, it is necessary to collect a
database of trees and their node types. After that,
we take a random test case, select a random node
and search for nodes of the same type from other
tests, take a random one and try to make a replace-
ment: if the resulting test turns out to be correct,
then we accept the transformation and continue to

xS

B Fig. 4. Example replacing of PSI node to the node
from another tree

mutate the new test, if not, we roll back to the pre-
vious state.

Expression replacer

This transformation selects a random expression
and replaces it with another of the same type that
is available in the current scope. The expression we
are replacing can be a property, a parameter, a lo-
cal variable, or a function call that returns a value
of the compatible type. An example of applying this
transformation is shown in Fig. 5. The original pro-
gram P1 is shown in Fig. 5, a, suppose we choose to
replace the b property initializer of type Int shown
in Fig. 5, b. Further, for the place where the change
will be made, we calculate the scope, for example,
this will be a and result of calling the getSum func-
tion. After that, we select a random element of the
same type from the scope and make a replacement.
However, when choosing getSum, we need to gen-
erate a call to this function. And when generating
a call, variables from the current scope can also be
used. The generation result is shown in Fig. 5, c.

a) fun getSum(a: Int, b: Int) = a + b
fun box(): String {
val a 1
val b 1
return if (a == b) "OK" else "ERROR"

}

b) fun getSum(a: Int, b: Int) = a + b
fun box(): String {

val a =1

val b = [Int]

return if (a == b) "OK" else "ERROR"
}

c) fun getSum(a: Int, b: Int) = a + b

fun box(): String {
val a =1
val b = getSum(a, 9)
return if (a == b) "OK" else "ERROR"

B Fig. 5. Expression replacer mutation example: a —
P1;6 — P2;¢c — P3
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Random component generator
This transformation represents the generative
part of the tool. To increase the diversity and com-
plexity of tests, a generator of random data struc-
tures was implemented. This generator allows you
to create interfaces, abstract classes, objects and
standard classes of all kinds. A class can contain
properties, functions, or nested classes. They can al-
so be inherited from others while maintaining code
correctness. To implement this generator, a random
type generator was also implemented, which takes
into account the context and the Kotlin standard
library. Generation of non-trivial function bodies is
a complex and time-consuming task and one of the
primary directions of future work. An example of
the generated class is shown in Listing 1. In addi-
tion to adding classes, the generator can insert var-
ious properties and functions into existing classes.
Listing 1. Example of generated class
open class A {
private val a: Int =1
public inline val b: List<Int>
get() = listOf()
open fun c(): A = TODO()
inner class B : A() {
val a: Double = 0.0
override fun c(): A = A()

}

Compilation checker

To implement an oracle for the Kotlin compiler,
first we need to understand what we are testing,
what kind of errors we can look for and how to de-
tect them. The main platform for Kotlin compiler
is the JVM, but there are also backends that allow

compiling Kotlin to JS and to native binaries, which
can run without a virtual machine. At this moment
our tool supports JVM and JS backends. Adding a
native backend is considered future work. In addi-
tion to the release versions of the compiler, we are
testing various dev-builds for pre-release testing of
new functionality.

The first type of errors we look for are crashes,
and it’s quite easy to define them: their messages
have a specific format that is easy enough to parse.
Listing 2 shows an example of the crash message for
the Kotlin compiler.

Listing 2. Example of Kotlin compiler crash mes-
sage

Exception in thread “main” org.jetbrains.
kotlin.codegen.CompilationException: Back-
end (JVM) Internal error: wrong bytecode
generated

L0
LINENUMBER 6 LO
NOP

File being compiled: (1,1) in /File.kt The

root cause

Detecting miscompilations is a task of a different
complexity. To search for miscompilations, we need
to compile the instrumented program with different
backends or in different modes of the same back-
end and compare their behavior. This is done using
the voting method, the scheme of which is shown in
Fig. 6. And it is important to take into account the
specifics of the backend, for example, in JS division
by 0 is undefined, and in the JVM it is an exception.
For such situations, we have implemented a set of
filters that help save time on manual processing of
such cases.

Compilation
checker
Test Test Test Test
Kotlin JVM Kotlin JVM Kotlin JS Kotlin JVM/IR
1.6.10 1.5.31 1.6.10 1.6.10

l l

Execution result 1 Execution result 2

l l

Execution result 3 Execution result 4

o

Possible Different

]

bug comparator

Output Equal

> No bug

B Fig. 6. Voting system for the Kotlin compiler

N26,2022 N\

MHOOPMALIMOHHO-YMPABJISIIOLLIME CUCTEMbI  \ 37



/ TNPOrPAMMHBIE U ANMAPATHbIE CPELCTBA /

Bug manager implementation

The bug manager is used to reduce the time for
manual processing of found bugs. All algorithms and
approaches described in the previous section are suit-
able for Kotlin compiler bugs post-processing. To im-
prove the quality of reduction algorithms, more than
thirty Kotlin specific transformations were implement-
ed on two types of code representation: text and PSI.
Examples of text transformations are: deleting text in-
side a balanced pair of brackets, deleting text between
two dots, replacing while with if, etc. PSI based trans-
formations, which are intended for complex modifica-
tions can be divided into the following groups:

— expression simplification (replace expression
to constant of same type, simplification of if state-
ments, loops, elvis operator, etc.);

— removal of unneeded components (imports,
function arguments, etc.);

— simplification of interdependencies (removal
of inherited properties and functions, replacement
of function bodies with TODO(), etc.);

— miscellaneous (comment deletion, formatting,
ete.).

More details about the Kotlin program reducer
and its results can be found in the article [20]. In
general, a complex approach using language-agnos-
tic methods and language-specific transformations
gives a good result. In practice, more than 90% of
irrelevant information is removed from programs
that lead to errors.

Kotlin compiler fuzzer evaluation

Active use of the tool has been going on for more
than a 1.5 years. To estimate the effectiveness,

we have been collecting statistics and logs all this
time. To fuzz the Kotlin compiler, we did not use
any big computing power, because, despite the effi-
cient work of post-processing algorithms, filtering
uninteresting results and sending them to devel-
opers takes a lot of time. All interesting bugs were
sent to Kotlin bug tracker — YouTrack (https:/
youtrack jetbrains.com/issues/KT?q=%23found-by-
fuzzer%20). Evaluation was mainly performed on
a single computer with Intel(R) Core(TM) i7-8700K
CPU@3.70 HGz and 32 GB RAM. The compiler
version has always been kept up to date. As an in-
itial seed for mutation, we selected a compiler test
suite, consisting of more than 6000 files. Mostly
fuzzing was done for the JVM backend, but for sev-
eral months we were looking for bugs in the JS. It
is also worth noting that BBF has been constantly
improving during this time: new mutations and ora-
cles have appeared, because without improvements
at some point fuzzing stops working.

Figure 7 shows the number of bugs posted per
month for all time of fuzzing. The first results
began to be transferred to developers in August
2020. At that time, the compiler was not yet as re-
liable and stable as it is now. In November 2020,
the Type Centric Enumeration approach [21] was
implemented, which led to a significant increase in
bugs found. After that, BBF interested the compil-
er development team and a lot of effort was spent
to make the tool from research to practical. There
were few launches during the rework, so there
were few bugs before July 2021. In July 2021, the
practice-oriented BBF went live and brought a lot
of practical value. Developers often asked to test
certain components of the compiler that were un-
der development, which also influenced the general
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B Found bugs statistic

Bug status | Critical | Major | Normal | Minor Nf)t.
specified

Fixed 2 45 18 5 19

Open 0 11 12 2 16

In 0 1 2 0 1

progress

Other 0 2 3 2 0

trend towards an increase in the number of bugs
found.

Table shows statistics on the distribution of
found bugs. A total of 208 bugs have been submit-
ted as of this writing. Not specified bugs that do not
fall into any category are either duplicates or not in-
teresting from the developer’s point of view. To bet-
ter understand our impact, during the experiment,
about 13% of the total number of bugs in the JVM
backend was found using BBF. The total number of
errors found is several thousand, but most of them
are caused by semantically incorrect code. These
bugs get a low priority and are unlikely to ever be
fixed, so the decision was made not to send such bug
reports to the developers.

Conclusion

In this work, we have presented a platform for
finding bugs in the programming language com-
pilers — Backend Bug Finder. After reviewing the
compiler fuzzing area and choosing the methods
to be implemented, we considered all the ideas and
principles implemented in the tool. On the basis of
the developed platform, a fuzzer was implemented
for the compiler of the Kotlin programming lan-
guage. The results of fuzzing shows that the use of
the fuzzer greatly improves the quality of the com-
piler: we published about 13% of the total number
of bugs in the JVM backend reported during our
experiment.

How difficult is it to adapt the platform to anoth-
er programming language? It is pretty easy to make
a naive fuzzer, which will probably find some errors.
But for deep and complete testing of the compiler,
efforts will have to be made to write language-spe-
cific transformations, reduction algorithms and in-
frastructure for the efficient execution of generated
programs.

As for future work, the BBF will improve both in
practical and theoretical terms. In practical side, we
plan implement a parallelling of the fuzzing process.
In theoretical side, we will move towards gray-box
fuzzing and other methods of program generation
for compiler testing purposes.
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BBeneHnue: craHzapTHBIM CIIOCOOOM IIPOBEPKH HAEKHOCTH KOMIIMJISATOPA ABJSETCH py4HOe TectupoBanue. Ho ¢ ero momomniso HEBO3-
MOJKHO HOKPBITH MHOKECTBO IIPOrpamMmM, KOTOPbIe MOTYT ObITh HAIKMCAHBI HA II€JIEBOM S3bIKe IPOrpaMMUpPOBaHUs. B Hacrosiee BpeMs B
IOIONHEHNe K PYYHOMY TECTHPOBAHMIO CYL[ECTBYET MHOMKECTBO ABTOMATHYECKHUX METO0B IIPOBEPKU HANEKHOCTH KOMIIUIATOPOB, CPEIU
KOTOPBIX (DA33HMHT ABIAETCA OJHUM U3 CAMBIX MOIIHBIX U Hose3Hbix. Ilenb: paspaborars miargopMy 4y (hassuHra KOMINUIATOPOB U HA ee
OCHOBE MHCTPYMEHT /Il TeCTHpOBaHus Komnuisitopa s3bika Kotlin. Pesyaprarsr: paspaborana nnardgopma Backend Bug Finder nns das-
3UHTa KOMIIWIATOPOB. B KayecTBe MeTo/a /i TeHEepaIlud CIydyaiHbIX IPOTPAMM BhIOPAH MyTAI[MOHHBIN IIOXO0J, KOT/A HA BXOJ MyTATOPY
mmojaercs mporpaMma, KOTOPYI0 OH IBITAeTCA KaKuM-Tub60 06pasoM mnpeobpasoBars. Myraruu MoryT ObITh KaK TPUBUAIBHBIMYU, HAIIPUMED
3aMeHa apu(PMeTHUYEeCKUX OIEepaTOPOB APYTMMH, TAK W CIOKHBIMU, MEHSIOIIUMU CTPYKTYpy mporpaMmMsbl. Jlanee momydyenHas mporpamma
10/]aeTCs Ha BXO]| KOMITUJISITOPY, ¥ IIPOU3BOAUTCS IIPOBEPKA ero paboThl. PaspaboTaHHbBIN TECTOBBIM OPAKYJI MOKET JIeTeKTUPOBATDH OIIUOKA
TpEeX TUIIOB: Ia/leHNs, MUCKOMIMIAIUN U IeTPa/ialiiy IIPOU3BOJUTENBHOCTH. B ciyuae o6Hapy:KeHUs OIIMOKU TECTOBBIM IPUMED II0AAETCS
B MOJ[yJIb IIOCTOOPA0OTKH, I/le IPUMEHIIOTCH AJITOPUTMbI PefyKuun u Aexymiukanun. Ha ocHoBe miaTgopMsbl s anpobanuu moaxoia pas-
paboran WHCTPYMEHT s (has3uHra KOMIUIATOpa A3bika Kotlin, KOTOPBIA MOKa3aa MIPUMEHUMOCTh IIaT(OPMBI JIJI TIOMCKA OUIUGOK B CO-
BpeMeHHBIX KomnuiaaTropax. [IpakTuyeckas 3HaAUUMOCTE: 3a [I0ITOPA roja (PyHKIMOHUPOBAHUA pPa3paboOTaHHBIA HHCTPYMEHT O0HAPYKILI
TBICIYH PA3INYHBIX OIINO0K KoMImiIATopa s3bika Kotlin, us mux 6onee 200 orupasmeno paspaboruankam, 6osmee 80 ucnpasieHo.
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Introduction: In modern systems for communication, data storage and processing the error-correction capability of codes are estimated
for memoryless channels. In real channels the noise is correlated, which leads to grouping error in bursts. A traditional method to fight
this phenomenon is channel decorrelation, which does not allow developing of coding schemes, mostly utilizing the channel capacity.
Thus the development of bursts decoding algorithms for arbitrary linear codes is the actual task. Purpose: To develop a single error burst
decoding algorithm for linear codes, to estimate the decoding error probability and computational complexity. Results: Two approaches are
proposed to burst error correction. The first one is based on combining the window sliding modification of well-known bit-flipping algorithm
with preliminary analysis of the structure of parity check matrix. The second one is based on the recursive procedure of constructing the
sequence of certain events which, in the worst case, performs the exhaustive search of error bursts, but in many cases the search may be
significantly decreased by using the proposed heuristics. The proposed recursive decoding algorithm allows a guaranteed correction of any
single error bursts within burst-correction capability of the code, and in many cases beyond the burst-correction capability. The complexity
of this algorithm is significantly lower than that of a bit flipping algorithm if the parity-check matrix of the code is sparse enough. An
alternative hybrid decoding algorithm is proposed utilizing the bit-flipping approach and showing the error probability and completion time
comparable to the recursive algorithm, however, in this case the possibility of a guaranteed burst correction hardly can be proved. Practical
relevance: The proposed decoding methods may be used in modern and perspective communication systems, allowing energy saving and
increasing reliability of data transmission by better error performance and computational complexity.
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Introduction

Error-correcting coding is very important mean
to provide the reliable data communication [1-3].
For the last 20 years, significant attention was
paid to investigating of low-density parity-check
(LDPC) codes. Despite of moving during the last
years the research focus to the area of polar codes
[4-6], LDPC codes remain part of many contempo-
rary standards, including digital video broadcasting
(DVB), local wireless networks (802.11 WiF'i), opti-
cal fiber communication (G.975.1), mobile networks
of fifth generation (5G), etc.

For the last decades, traditionally the analysis of
error-correcting performance of different codes in
communication systems is hold by intensive mod-
eling in the channel with additive white Gaussian
noise [7]. This is mainly connected with the fact
that modern code constructions such as turbo codes
or LDPC codes are pseudo-random, and while pro-
viding low error probabilities, which is agreed with
Shannon’s random coding theorems, they are hard-
ly suited for theoretical analysis.

Along with it, assumption of Gaussian nature of
noise is justificated, from the one hand, by simplic-

ity of this model, and from the other is provided by
receiving decorrelation procedures, while in fact in
many channels the noise process is not independent.
To describe the typical errors ion such channels, the
notion of single error burst of length b in error vec-
tor of length n is used — this is any binary vector
consisting of n elements, containing all its non-zero
elements within b subsequent positions. Since the
number of individual errors in such burst may ex-
ceed the error-correction capability of the code (for
independent errors), they cannot be managed by
classical algebraic decoders of cyclic codes. Due to
pseudo-random nature, absence of strict structure
and per-symbol decoding procedures of LDPC codes
they are less sensitive to errors grouping, however,
when using LDPC codes, artificial interleaving pro-
cedures are used to decorrelate the channel [8].

At the same time, it is known from information
theory, that if an interleaving is applied to channel,
and the property of noise correlation is not taken
into account during decoding, we get an equivalent
(in terms of average number of erroneous bits in
channel) memoryless channel with less capacity [9].
Burst correction has low attention in classical cod-
ing theory, and is considered mainly for cyclic codes
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[10-12]. In the recent publication [13] the burst
erasure correction is considered, but only for the
family of block-permutation LDPC codes and under
consumption of fixed burst positions (phased burst).
Thus the actual task is development of coding and
decoding procedures for channels with memory, in
particular, for single burst correction.

In [14] it was shown that the maximal burst length
that can be corrected by LDPC code may be calculat-
ed using the polynomial-time procedure, taking the
parity-check matrix as input. In fact the sparseness
property of parity-check matrix does not taken into
account in this procedure, so it may be applied to any
linear code. However, the development of correspond-
ent decoding algorithm realizing burst-correction ca-
pability of the code remain an open problem.

In this paper an approaches using sliding win-
dows to single bursts correction is considered. These
approaches are based on analysis of LDPC code par-
ity-check matrix, however, obtained algorithms may
be used for any linear codes, though with increasing
the density of parity-check matrices the decoding
complexity is also increasing.

Low-density parity-check codes

Low-density parity-check codes were proposed by
R. Gallager [15]. These codes usually have low mini-
mal distance, however, good weight spectral proper-
ties and iterative decoding algorithms allow providing
very low decoding error probabilities [16, 17]. LDPC
codes are usually defined as elements of probabilistic
ensembles, characterized by weight distributions of
columns of parity-check matrix. From the analysis
of the properties of LDPC ensembles it is known that
irregular constructions (those with variable column
weights) with well optimized weight distributions
provide fast decreasing of error probability in the
area of low signal-to-noise ratio [18]. However, these
constructions are usually suffer from the effect of
error-floor (low decreasing of error probability with
signal-to-noise ratio increasing), and besides, encod-
ing and decoding procedures for them may be not so
effectively implemented as for regular constructions.
That is why today in practice the block-permutation
construction of LDPC codes is most widely used (in-
cluding most communication standards), when the
parity-check matrix has the form [19, 20]

cin Ci . Cw

g_|C® C= .. C%| "

cn Ccv ... Cw

where C — (m x m)-matrix of cyclic permutation:

0 0 O 0 1
1 0 O 0 0
C=/0 1 0 0 0
0 0 O 1 0

Construction given in (1) defines regular qua-
si-cyclic code, for which especially computationally
effective encoding and decoding algorithms may be
implemented, and to obtain the advantages of opti-
mized irregular distributions the masking may be
used by replacing some cyclic permutation blocks
in (1) by zero blocks.

It is known that the performance of LDPC de-
coders may be negatively affected by “bad” place-
ments of non-zero elements in the parity-check ma-
trix. As the simplest requirement to avoid this we
will assume that there are no two rows or columns
having more than one non-zero element in common
positions (in this case one say that the matrix con-
tains no cycles of length 4).

Calculation of the minimal distance of linear
code, which defines the maximal number of cor-
rectable independent errors is NP-hard problem, at
the same time, calculation of the maximal length of
correctable single burst may be performed in poly-
nomial time using the procedure described in [14].
This procedure is based on the fact that if the code
can correct all single error bursts of length b . and
less, then all error vectors, forming such bursts,
should be in different cosets, or equivalently, have
different syndrome. Thus, for any bursts e; and e,
of length b,  (or less) should holds e HT = e,HT,
besides, multiplication of error vector forming the
burst of length b by the parity-check matrix is
equivalent to linear combination of columns of H in
sub-matrix limited by b columns. That is, in mat-
rix H there should be no two submatrices of b,
subsequent columns, whose linear combination has
the same result. This is guaranteed in case when
the rank of concatenation of these two submatrices
by columns is 26, ..

From the same considerations in the block-per-
mutation matrix (1) the maximal length of correct-
able error burst is always less than the block size,
b ax < m, since sum of all columns within the block
is all-ones column. However, in case when the pari-
ty-check matrix H is masked by all-zero blocks, this
may increase the length of correctable error burst.
Experiments show that without masking, with high
probability, especially when m is prime and H has no
cycles of length 4, the equation b, ,, = m — 1 holds.

The classical decoding method of LDPC codes in
the channel with soft (continuous) output (e.g. ad-
ditive white Gaussian noise channel) is belief prop-
agation algorithm. However, in case of the channel
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with binary output the simpler bit flipping algo-
rithm may be used. In this paper, we consider on-
ly binary errors and we will consider only decoders
with hard input and hard output.

The bit-flipping algorithm (Fig. 1) may be easily
adapted to correction of single error burst by organ-
izing the sliding window of size b,, with the begin-
ning running through possible starting positions of
the burst from 0 ton — b,, (the decoding procedure
may be significantly speeded up, if the estimations
of supposed burst beginning are obtained, however,
in the paper we are not considering such improve-
ments). Clearly, one should select b,,>b,,... In that
algorithm the subvector of y with elements on posi-
tions i, ...,7 + b, — 1 is denoted as y@, ...,7 + b,,— 1),
and for the matrix H the submatrix formed by col-
umns with numbers i, ..., i + b, -1, is denoted as
HG, ..., + b, — 1). By default, matrix multiplication
is performed modulo 2, except when the operator
“®” is used denoting operations in decimal arith-
metic.

In case when the all-zero syndrome is ob-
tained, the algorithm returns the decoded vector
which is a codeword, and informs about successful
decoding. If for all possible positions of the sliding
window after all decoding iterations the all-ze-
ro syndrome is not obtained, decoder signaling
about failure and returns the word received from
the channel itself as the decoded word. It should
be noted that of the burst length does not exceeds
the maximal correctable length b .., then the
state “success” always means correct decoding,
otherwise “success” may be caused either by cor-
rect decoding or decoding error, that is, finding
the wrong (false) codeword.

This algorithm may be modified for the “fail-
ure” state case by determining the decoding result
according to some criterion, which would allow de-
creasing the number of bit errors. However, in this
paper we will consider the error probability per
transmitted word as the target decoding character-
istics, so we will not consider such modifications.

For the channels with memory in [21] the mod-
ification of belief propagation algorithm is pro-
posed, based on preliminary channel state esti-

mation and subsequent decoding. The advantage
of this algorithm is the possibility of correcting
multiple bursts and individual errors, disadvan-
tage is growing complexity comparing to binary
and integer operations, and necessity to provide
the channel transition probabilities at the decod-
er’s input.

Algorithms for single error burst decoding

We will develop the algorithm for error burst
correction, starting with the structure of (r x n)
block-permutation matrix (1) of LDPC code (here r
denotes the number of rows in H rather than actu-
al number of redundant bits). As it was mentioned,
for this construction (without masking by all-zero
blocks) b, < m, where m is block size. Let the er-
ror burst of length b <b_ . occurred in the chan-
nel, for simplicity we assume b = b, ., and for the
received word the syndrome S is calculated. The
subvector of error vector e containing the non-ze-
ro elements (i.e. the subvector on burst positions)
denote as e,. Assume that we have the exact knowl-
edge about burst position and we may select the
(r x b)-submatrix H, containing columns of the pari-
ty-check matrix H corresponding to burst positions.
Compute the vector W =1, HE, where 1, is all-one
vector of length b, i.e. W is the sum of all columns
of H,. Consider two cases: the burst is either com-
pletely within some block of H, or, taking into ac-
count b < m, disturbing no more than two adjacent
blocks of H.

The first case is shown in Fig. 2, a, for the pari-
ty-check matrix with block size m = 7 and maximal
correctable burst length b, = 6. Since every block
of H is cyclic permutation matrix and contains ex-
actly one non-zero element in the row, the vector W
may contain only zeros and ones. If some i-th syn-
drome’s component is not zero, the correspondent
i-th component of W should also be non-zero (other-
wise successful decoding for current submatrix H,
is not possible, since it contains no columns which
would give non-zero syndrome element in i-th row).
Hence, there are the only column in H, which con-

INPUT: (r x n)-matrix H, received word y, window size b,,, maximal number of iterations N.
OUTPUT: decoded word a and status “success” or “failure” of the decoder.

1. Calculate S = yHT; if S = 0, return a4 =y and “success”.
2.Fori = 0ton — b, // cycle for sliding window positions:

2.1. For current window position set S, = S, y, = y@, ...,i + b,- 1), Hy = HG, ...,i + b, - 1).

2.2. Forj = 1 to N // cycle for decoding iterations:
2.2.1. Calculate f, = S;®H, (in decimal arithmetics).

2.2.2. Determine the set pos = arg max {f;} of positions numbers of f with maximal values.

2.2.3. Invert elements of y;, in pos positions.

2.2.4. Renew §; = yng, if §; = 0, add (modulo 2) to subvector y(, ..., i + b, — 1) the vector y,, return a =y and “success”.

3. Return a =y and “failure”.

B Fig. 1. Windowed bit-flipping algorithm
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tributes to non-zero syndrome element. The number
of this column corresponds to erroneous position
within burst, we may subtract this column from the
syndrome and continue decoding. As can be seen
from the Fig. 2, a, for given example consideration
of first three non-zero elements of the syndrome
leads to all-zero syndrome and reconstructs the er-
ror burst e,. Consider also the vector f, = S, ® H,,
which we use in windowed bit-flipping algorithm (see
Fig. 1) — for considered example all its maximal
components correspond to erroneous burst posi-
tions, and the others are zero (windowed bit-flip-
ping algorithm would correct such a burst by one
iteration).

Now we consider more complicated case when the
burst affected two adjacent blocks of H (Fig. 2, b). In
this case the rows of H, may be all-zeros, contain
one non-zero element, or two elements from dif-
ferent blocks (in this example the border between
blocks are between second and third columns of Hp).
In figure the burst e, and vector f, are also shown.
In this case the comparison by their elements does
not allow, as in Fig. 2, a to determine error bits in
e, by the values of f, with such confidence — for
example, the value 2 which is close to maximal may
correspond both to first position without error and
to last with error.

Basing on considered examples we may deter-
mine the following conditions by considering ele-
ments W and S, from which certain decoding states
or events is followed, and formulate the correspond-
ing decoding steps:

— (W; =0, S; = 1): in this case the syndrome S
cannot be obtained by any combination of bit errors
within current burst position (i.e. current position
of sliding window), decoding should be stopped and
new window position should be defined (event “im-
possible”);

— (W; =1, S, = 1): in this case the column cor-
respondent to erroneous position within burst may
be uniquely determined, correspondent bit of e, on
this position is set to 1, and the column is marked as
considered (for given window position this bit with-
in the burst would never change its value), then W
and S may be renewed and decoding continues with-
in current window (event “certain 1”);

— (W; =1, S; = 0): in this case the column with
one non-zero element in i-th row is certainly did not
take part in computation of S, the correspondent
bit of e, on position correspondent to this column
may be set to 0, the column is marked as considered,
which leads to renewal of W, and decoding continues
within current window (event “certain 0”);

— (W; > 1, S; = 1): for the considered block-per-
mutation constructions and b < m this event is pos-
sible only for W, = 2, but in general case one may
assume larger number of ones in i-th row of H,, in
this case we cannot certainly determine the values
of any positions of the burst from i-th components of
W and S (event “ambiguity”).

We may note that all listed situations are based
on considering the non-zero elements of syndrome,
except special case “certain 0”. First three cases de-
termine certain events (with conditional probability
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B Fig. 2. Decoding by certain events: ¢ — burst within the block; 6 — burst in two blocks
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equal to 1, for the given window position): impossi-
bility of decoding, certain zero and one values with-
in the burst, conditioning that the burst is within
the positions of current window. Basing on these
events, the procedure may be determined looking
through elements of S and W and performing de-
scribed decoding steps, while the event “impossible”
would be determined or the all-zero syndrome ob-
tained. However, during the decoding the situation
is possible, when for all non-zero syndrome elements
the event “ambiguity” is determined. An example of
such situation is given in Fig. 3, a for the case when
two erroneous positions within the burst is found,
and correspondent columns are excluded from con-
sideration (in figure they are shadowed). Using the
rule for the event “certain 0” in Fig. 3, a will lead to
very fast successful decoding, but this event may be
absent (Fig. 3, b). Note that the parity-check matrix
in Fig. 3, b is not block-permutation, and the burst
of length 9 is considered, while the code from this
example may correct all bursts of length no more
than 7.

In the case described in Fig. 3, b, the resolving of
ambiguity is possible by using some heuristics [22],
for example. As one variant we consider the hybrid
decoder, when in case of ambiguity the decoding is
switched to conventional bit-flipping within current
window, until successful decoding or reaching the
maximal number of iterations. Such approach de-
fines in fact two-stage decoding which may be con-
sidered as windowed bit-flipping decoding with pre-
liminary processing based on certain events.

However, to ensure guaranteed decoding of burst
(at least within the burst-correction capability of the
code) another approach may be considered. In case
of uncertainty we make trial selection of erroneous
position and return to certain events consideration
basing on new W and S, until success or impossibil-
ity of the decoding will be determined, in the latter
case the algorithm should trace back and select an-
other trial erroneous bits. If in the process of one
trial we again meet the ambiguity, the next trial is
made and so on, thus leading to tree-like exhaustive
search. Surely, such search would lead to significant
grow of complexity. To reduce the search, we will se-
lect as trial erroneous positions those with maximal
value in vector f, = S, ® H,.

Basing on these considerations, the following re-
cursive algorithm may be proposed as general meth-
od of single burst decoding:

1) for the current window position determine
certain values of error burst positions basing on
conditions on S and W, until decoding ends or event
“ambiguity” is determined (for all non-zero ele-
ments of S);

2) for the “ambiguity” decoding state select the
position with maximal value of current vector f, as
the next erroneous position and return to step 1, in
case of failure select the next maximal value of f;
and so on; if trial succeeded or all (non-zero) ele-
ments of f, are considered, go to step 3;

3) if the burst e, giving the all-zero syndrome is
obtained during preceding steps, return codeword a,
which is vector y added (modulo 2) by burst e, om

a) e,= * |k b)
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B Fig. 3. Uncertainty during decoding: a — resolvable by event “certain 0”; b — without resolving by certain events
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window positions, otherwise decoding in current
window is failed.

Described algorithm should be performed for all
possible positions of sliding window, its pseudocode
is given in Figures 4 and 5.

In fact, in the worst case for the given window
position the algorithm performs exhaustive search
by vectors e,, which guarantees finding the error
burst giving the all-zero syndrome, however, ex-
tremely time-consuming. However, if described
algorithm is applied to LDPC codes, especially for
block-permutation constructions, and if the burst
length does not exceeds burst correction capability
of the code, in many cases decoding is ended by the
first step (processing of certain events), either suc-
cessfully or not, then all the positions of error burst
may be determined by no more than b steps.

To fasten the decoding speed (by cost of failure
probability increasing, naturally), the recursion
depth or the number of considered elements in f;
may be limited.

Analysis of decoding algorithms
and simulation results

The algorithms described in preceding sec-
tions were implemented in MatLab environment
under MS Windows 10, the simulations where
made using CPU Intel Core i7-9700@3,00 GHz,
RAM 32 Gb. The following algorithms were con-
sidered:

— windowed bit-flipping algorithm (WBF);

— hybrid decoding with processing of certain
events basin on W and S with switching to win-
dowed bit-flipping algorithm in case of ambiguity
(WS + WBF);

— recursive algorithm.

The following code constructions were selected
for analysis:

— code 1: random (66.35) block-permutation
LDPC code (1) with parametersy = 3,p = 6,m = 11
(density of the parity-check matrix is y ~ 0.09), for
this code b, = 10;

INPUT: (r x n)-matrix H, received word y, window size b,,.

OUTPUT: decoded word a, status “success” or “failure” of the decoding.

1. Calculate S = yHT; if S = 0, return 4 =y and “success”.
2.Fori =0mon — b, // cycle for sliding window positions:
2.1.8etH, = HG, ...,i + b, - 1), e, = (0, ..., 0).

2.2. Calculate W =1, Hg

2.3. Call procedure [e,, status] = try_decode(H,, S, W, e;), given in Fig. 5.
2.4. If status = “success”, add (modulo 2) to subvector y(, ..., 7 + b, — 1) the vector e,, return a =y and “success”.

3. Return a=y and “failure”.

B Fig. 4. General scheme of single error burst decoding algorithm

PROCEDURE: [e,, status] = try_decode(H,, S, W, e,).

INPUT: (r x b,)-matrix H, syndrome S, vector W, current burst e,

OUPUT: renewed e, status “success” or “failure”.
1. If S = 0, return [e;, “success”].

2.1f3i: W; = 0 and S; = 1 (“impossible” event is determined), return [e,, “failure”].
3. For the first i = 0, ..., r, for which W; = 1 and S; = 0 (“certain 0” event is determined) or S; = 1 (“certain 1” event is determined):
3.1. Find j: the number of (the only) nonzero element in i-th row of H,.

3.2.Set e,(j) = 8,.

3.3.If §; = 1, then renew the syndrome: sum (modulo 2) S and the column j of matrix H,,.
3.4. Mark the column j of H, as considered (technically it may be zeroed).

3.5. Renew the vector W.

3.6. Call [e;, status] = try_decode(H,, S, W, e;).

3.7. If status = “success”, return [e;, status].

3.8. If status = “failure”, set e,(j) = 0 and return [e,, status].

4. Calculate f, = S ® H,, (in decimal numbers). Sort f; together with the number of its positions by decrease, obtaining the vector
fb,sort and corresponding array of indexes ind. Determine f., — the number of non-zero elements in f;.

5.Fori=1,..,f .

5.1. Setj = ind(@) (j — position of the next element in f; by the value).

5.2. Set e,(j) = 1.

5.3. Calculate trial renewal of syndrome S’ by adding the j-th column of Hj to S.
5.4. Set the trial renewal of Hj, marking j-th column as considered.

5.5. Calculate trial renewal of W'
5.6. Call [e;, status] = try_decode(Hp, S', W', e;).
5.7. If status = “success”, return [e;, “success”].

5.8. If status = “failure”, restore the value e,(j) = 0 (if trial versions Hj, S, W where not in separate memory, their values also

should be restored by the moment of entrance in the cycle).

6. If this step is reached, then the search through elements of f; is completed without success, return [e,, “failure”].

B Fig. 5. Recursive procedure of decoding trial

46 7/

WHPOPMALIMOHHO-YMPABJIAIOLLUE CUCTEMbI

7/ N26,2022



\

— code 2: random (66.33) code with density
x~0landb ., = 12;

— code 3: random (66.33) code with density
x~=0.5andb , = 13.

Relatively small lengths of the codes were select-
ed to fasten simulations in MatLab, since for the
code 3 (which is defined by the dense parity-check
matrix) simulations take significant time. At the
same time, some experiments with longer codes
gave qualitatively the same results, so in what fol-
lows we consider the codes with listed parameters.

For error vector generation the burst beginning
was selected randomly and uniformly, the first and
last positions of the burst are set to ones, erroneous
bits within the burst were generated with probabil-
ity 0.5, decoding fastening by means of estimation
the burst position was not applied. Note that the
simulation was also made for burst lengths exceed-
ing the correction capabilities of the codes, so the de-
coding error event consists both of decoding failure
and decoding error, that is finding false codeword.

In Fig. 6 the results of evaluating the codeword
(frame) error rate is given for windowed bit-flipping
algorithm with 1, 5, 10 iterations, for the single
burst lengths from 6 to 20. As can be seen from the
curves, windowed bit-flipping algorithm did not re-

KOOAUPOBAHME U NMEPEOAYA MHOOPMALIMN \

alize the burst-correction capability in any case, and
since the algorithm is based on the sparsity of the
parity-check matrix, for dense matrix (code 3) the
error probability rapidly tends to one. For the ma-
trix (code 2) with density close to those of block-per-
mutation construction (code 1) the error probability
is remarkably higher comparing to code 1. This may
be connected to the fact that random matrix of code 2
was not optimized in its structure for using tradi-
tional iterative decoders for LDPC codes. During
decoding, all error events were caused by decoding
failures, no any false codewords were found.

In Fig. 7 the results for recursive decoding is
given. The average time of one codeword decoding
(in seconds) were also estimated. Since no special
optimizations of decoders implementations were
not performed, the goal of time estimation is to ap-
proximately evaluate the comparative complexity in
different cases. For code 1 and code 2 the decoding
algorithm was fully completed. During simulations
of code 1 and code 2 there were no any cases of am-
biguity shown in Fig. 3. Besides, decoding did not
lead to any failure events, so all decoding errors
were caused by false codewords, and in many cases
the decoding for burst lengths exceeding the correc-
tion capability was successful. As can be seen from

Code 1, byax = 10

Code 2, byax = 12
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B Fig. 6. Simulation results for windowed bit-flipping algorithm
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Fig. 7, code 2 provides better error probability com-
paring to code 1, with comparable but slightly less
decoding complexity.

As for code 3, which is defined by dense matrix,
the simulation shows fundamentally different re-
sults. The decoding of one codeword might be up to
1000 times slower than for code 1 and code 2, in fact
in this case the decoder with high probability tends
to brute force of error bursts. Thus for the code 3
in Fig. 7 the artificial limitation of the number of
calls of try decode procedure was set, equal to
100b,,. In this case decoder stops to find the false

codewords and started to fail. From the window size
of about 10, where the time curve of code 3 decod-
ing changes its fast growth by gentle increasing (see
Fig. 7), the decoding failure in almost all cases is
connected to reaching the maximal recursion depth
for all window positions, and not with determining
“impossible” event. Even in case of successful de-
coding, the recursion depth was close to maximal.
In Fig. 8 for the code 1 and code 3 are given:
T in(Success), T, .. (Success), E(T(Success)) — min-
imal, maximal and average number of calls of
try decode procedure (see Fig. 5) for successful
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B Fig. 7. Simulation results for recursive algorithm of single burst correction

Code 1, byax = 10
25 . . T

20+

~
.-8 15¢
g
3
g
L‘I)
©
O 10r

6 8 10 12 14 16 18 20

Error burst length
—o— E[T(Success)] —— Tmax(Success) ---p
—— E[T(Failure)] —— Tyin(Failure) ---5/2

Tmin(Success) —— Tmax(Failure)

B Fig. 8. The number of calls of try_decode procedure

Code 3, bypax = 13

1400
1200+
1000 -
3 -
< e
g 800+ 7
2
=2 -7
= 600 (7
&)
400
200
0 . i i i
6 7 8 9 10 1 12 13 14
Error burst length
—— E[T(Success)] —*— Tmax(Success) ---100b

—— E[T(Failure)] —»— T ; (Failure)
Tmin(Success)  —— T, (Failure)

48 7/ VH®OPMALIMOHHO-YMPABJISIIOLLVE CUCTEMbI

7/ N26,2022



decoding in the window, T ; (Failure), T} ..

N\
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(Failure),

E(T(Failure)) — similar values for failed decoding in
the window. As one can see, for the code 1 the maxi-

mal number of calls of try decode for given win-
dow position is approximately equal to window size
b,, both for correct and not correct window position.
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Minimal number of calls may be approximated as
b,,/2 for correct window position and 1 otherwise (in
this case the event “impossible” is determined by the
first call). For the code 3 the maximal recursion depth
(and average for failed decoding) rapidly increasing
and approaches upper limit of 100 window sizes even
for burst lengths below correction capability.

In Fig. 9, a the evaluation of error probability
and decoding time for windowed bit-flipping, hybrid
and recursive algorithms for code 1 are presented.
As can be seen, algorithms using analysis of certain
events show approximately the same error proba-
bility (an order less than for bit-flipping algorithm)
and comparable decoding time, the error events
(caused only by false codewords) appears only for
burst lengths exceeding the capability of the code.
Recall that for these algorithms no uncertainty dur-
ing decoding were reached, so the decoding complet-
ed only by determination of certain events.

In Fig. 9, b, ¢ the similar results for code 2 and
code 3 are given. For code 2 the gain obtained by
decoders analyzing the certain events comparing to
bit-flipping algorithm is even larger than for code
1, this may be reasoned both by worse performance
of bit-flipping algorithm for code 2, and by the fact
that code 2 has slightly larger burst-correction ca-
pability than code 1, and perhaps — better weight
spectrum for correcting single bursts, so the decod-
ing far beyond correction capability for this code
is possible. For the code 3 given by dense matrix,
the recursive algorithm (with recursion depth lim-
ited by 100 window sizes) shows significant gain
for bursts length up to 10 (recall that code 3 has
b ax = 13), and two other decoders tends to error
probability equal to 1. This gain is achieved by cost
of significant decoding time, in all cases, when error
probability close to 1, decoding time stops to change

with burst length increasing, since in practically all
cases decoding for all window positions is failed.

Conclusion

In this paper the decoding of single error bursts
with linear codes is considered. The analysis of win-
dowed decoding is hold, basing on determination of
certain events using structure of the parity-check
matrix. The two-stage hybrid decoder is considered,
combining the consideration of certain events with
bit-flipping algorithm. The recursive decoding al-
gorithm is proposed, which guarantees correction
of single error bursts with correction capability,
the search in this decoder is optimized by selecting
the least reliable position, determined by the col-
umn with most coincides of non-zero elements with
syndrome. The evaluation of error probability and
average decoding time per transmitted codeword
is performed by computer simulation. The simula-
tion results show that proposed algorithms allow
to correct large number of single error bursts with
lengths exceeding the burst-correction capability.
Proposed recursive algorithm may be applied to any
linear code, however taking into account, that the
decoding complexity is reasonable (and significantly
less than for bit-flipping algorithm) only for codes
which parity-check matrix is sparse enough.
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BBenenue: B COBpeMEHHBIX CUCTEMAX CBI3U, XPAHEHUS U 00pab0TKH JaHHBIX IIOMEX0YCTONYUBOCTD PA3IUIHBIX KOJOB, UCIIPABIISIOUX
OIIUOKY, OIIEHUBAETCA 711 KAHAJIOB 0e3 maMATH. B peaqbHBIX KaHAIAX CBA3HU IIIyM IPEACTABIAET CO00H KOPPEIUPOBAHHBIN CIIydaHbIN IPO-
1ece, 9YTo IPUBOIUT K IPYIIIHPOBAHUIO OITHOOYHBIX OUT B MakeThl. Kiaccuueckuit moaxoz st 60pbObI ¢ MaKeTUPOBAHUEM OIIMOOK COCTOUT B
IPUMEeHEeHUH IPOLE/yPhl JeKOPPEIANNN KAHAIA, 9TO He MIO3BOJISeT CTPOUTH KOJOBbIE CXeMbI, HanboJee MOJIHO PealnsyoIlye IPOILyCKHYO
croco6HOCTh KaHama. TakuM 06pasoM, akTyanbHOU ABISETCH 3a/a4a OCTPOEHHUS AITOPUTMOB A€KOIHUPOBAHUS VIS UCIIPABIEHUS IAKETOB
OIIKOOK /I IPOU3BOIBHBIX JIMHEHHBIX KOmoB. I{esb: pa3paborars alroputM IeKOAUPOBAHHUA OJUHOYHBIX IAKETOB OIIMOOK /IS JIMHEHHBIX
KOJIOB, OLIEHUTDH BEPOSITHOCTH OIITUOKY ¥ BHIYUCIUTENBHYIO CI0KHOCTb pazpaboTanHoro aaropurma. PesyabTarsr: mpeiosxeHs! ABa M01xo0/a
K MCIIPABJIEHUIO MAKETOB OMIMO0K. IIepBhiii 0CHOBAH HA KOMOMHUPOBAHUU OKOHHOM MOAM(DUKAIIUN U3BECTHOTO AJITOPUTMA HHBEPTUPOBAHUS
OUT ¢ IpeaBapUTEIHLHBIM aHAIHU30M CTPYKTYPHI IIPOBEPOYHOM MATPHUIIBL. BTOPOH OCHOBAH HA PEKYPCHBHOM IIPOIEAyPe IIOCTPOEHUS IOCIe-
JIOBATEIBLHOCTH JJOCTOBEPHBIX COOBITHI, B HAMXYALIEM CJIydae OCYIIEeCTBISIOIIeH IOJHBIN Iepe6op MaKeTOB OMIMUOOK, KOTOPBIH BO MHOTHX
CIy4aax MOKET ObITh 3HAUUTEIHHO COKPAIIEH C IIOMOIIBIO IPeI0KEHHON 9BPUCTHKH. [IpeIosKeHHbIi PeKYyPCUBHBIA aJITOPUTM JeKOAHPO-
BaHUSA II03BOJIAET FAPAHTUPOBAHHO HUCIPABIATH J00bIe OJMHOYHBIE IAKETHI OIIMOOK B IIPe/eax KOPPEKTUPYIOIIEeH CII0COOHOCTH KO/, a C
BBICOKOHM BEPOATHOCTHIO M CBEPX KOpPeKTUpyoel crocobHoctu. CIoKHOCTh 3TOTO AIrOPUTMA 3HAYUTEIHHO HUIKE CIIOKHOCTH aJrOPUTMA
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WHBEPTHUPOBAHUA OUT, €C/IU IPOBEPOYHAS MATPUIIA JIMHEHHOTO KO/ia BIAETCA JOCTATOIHO PaspeKeHHOH. ATbTepHATUBHBIN THOPUAHBIH aj-
TOPUTM JIEKOAMPOBAHUS C HCIIOIb30BAHIEM HHBEPTUPOBAHUSA OUT I HUSKOIIOTHOCTHBIX KO/IOB IIOKA3bIBAET BEPOSITHOCTD OIIUOKU U BPEMS
BBIIIOTHEHUS, CPABHUMBIE C PEKYPCHUBHBIM aJITOPATMOM, OJHAKO BO3MOKHOCTH TAPAaHTHPOBAHHOIO UCIIPABJIEHUS ITAKETOB OLINGOK C ero II0-
MOIIIBIO BPAJ JIX MOeT ObITh fokasaHa. [IpakTHyeckas 3HAYHMOCTD: [IPEIIOKEHHbIe METObI JeKOAUPOBAHUA MOTYT ObITH UCIIOIB30BAHbI
B COBPEMEHHBIX U IEPCIEKTUBHBIX CHCTEMAaX CBA3H, I103BOJIAA YKOHOMUTDH DHEPIHI0 W IIOBBINIATH HAJEKHOCTD IIepeladyr TaHHBIX 3a CYeT
nydiei 5dHEeKTUBHOCTH UCIIPABIEHHUS OIINO0K U MEHbIIEH BEIMUCIUTEIBHOMN CIOKHOCTH.

KaioueBsbie c10Ba — KaHAIbI ¢ TAMATHIO, KOABI C MAJIOH IIJIOTHOCTHIO IIPOBEPOK HA YETHOCTD, UCIIPABIEHNE IAKETOB OLIHOOK.
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Xumenko B. 1.
Br16pocsI ciay4ailHBIX IIPOMECCOB U MPO006JieMa IepecevYeHn il ypOBHER
Mocxksa: TEXHOC®EPA, 2022. - 582 c. ISBN 978-5-94836-658-6

XapaKkTepucTUKHU BBIOPOCOB, IEPECEYEHMs 3aJaHHBIX yPOBHEH, DKCTPEMAaJbHBIE
3HAUYEHHA CIYYaWHBIX IIPOIIECCOB — 3TO KIACC XapPaKTEePUCTHUK, IO3BOJAIONINX OMIHUCHI-

¢H3HKH BaTh CTPYKTYPYy B BEepPOATHOCTHOe IIOBejeHHe ciaydaiHbIx pynkuuii. [lo cBoemy co-
JIep:RaHUI0 TaKue XapaKTePUCTUKN OTHOCATCA K HAIIPABIEHHUIO MeKIUCIUILIMHAPHBIX
i ucciaenosBannii. Heo6xoquMocTs UX M3ydYeHUd CBA3aHA C PEIleHHeM MHOTOYHCIEHHBIX
3"‘5*’“"“' 327124 U3 PA3IHYHBIX 001acTel (PU3UKH, TEXHUKA U €CTECTBO3HAHUA.
::)::ec::: Copnepsxanue JaHHOW PaGOThI OTPAKAET COBPEMEHHOE COCTOSHWE HCCIeLOBAHUN
w npobnera B 06J1aCTH IIPUKJIALHOM TEOPUHU BBIOPOCOB U 0011[el IPO6IEeMBI «IIepecedeHn il yPOBHEH».
nepeceseHmi 31ech neraeTcs IONbITKA CHCTEMATH3aIuH, 0000IeHUA U PA3BUTUA OCHOBHBIX PE3YJIb-
yposHed TaTOB, IOIBITKA PACCMOTPEHHU IIPO6IeMaTHKY IIPEBBIIIIEHUH 3aTaHHBIX YPOBHEH «B Ife-

JI0M» 1A HauboJiee pacpocTpaHeHHBIX KIACCOB caydaiHbIX pyHnknui. IIpencrasieno
60JIbIIIOE KOJTHYECTBO HOBBIX Pe3yJIbTaTOB. JTO OTHOCUTCA K aHAINU3Y BEPOATHOCTHOH
CTPYKTYPBI BpeMEHHBIX PANOB, HEIIPEPBIBHBIX CIyYaWHBIX IIPOLECCOB, CIyYalHBIX IIO0-
TOKOB COOBITHU M CIyYaWHBIX IPOCTPAHCTBEHHO-BpeMeHHbIX moiei. Ilokasansl Bo3-
MOKHOCTH 001IeH KIacCH(MUKAIIUN IPUKIAAHBIX 38129 X 0COGEHHOCTH UX PEIIeHHI Ha
OCHOBE HCIIOJIb30BAHUA XapaKTePHUCTHUK ITIepecedeHn i yPOBHEH.

Jl7 mupoKoro Kpyra CIeIUaIiuCTOB, ACIUPAHTOB U CTYAE€HTOB, AJId TeX, KTO U3Y-
JaeT, UCCIIe/lyeT U IPUMeHIeT Ha IPaKTHKe MO U MEeTO/bl AaHAIN3a PA3IHYHBIX 110
cBOei (PU3UYeCKO IPUPOLe CILyIaNHbIX JAHHbIX.
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BBegeHune: 3agaya OLeHKU BPeMeHn 3a[€epXKu B KOJibLeBbIX aBTOKO0/1€6aTeNIbHbIX CUCTEMAX C 3arnas/jbiBaHNEM M0 BpeMeH-
HbIM psAfaM BO3HUKaeT B CaMblX Pas/inyHbIX o6nactsx Haykn un unmeer 60/1bLLIOE 3HAYEHNe npu unuccrnegoBaHun pealibHbiX cu-
CTeM, reHepupyrLmnx XaoTu4yecKkne BPEMEHHbIEe PAAbI. Lenb: npoBectu CpaBHMTeﬂbelﬁ aHann3 pa6OTbI MEeT040B PEKOHCTPYK-
unn cuctemMm c 3arnasjbiBaHnemM 1o XxaoTu4eCKumM BPeMeHHbIM psgaM B OTCYTCTBUE U MPU HaIM4nn ag[nTUBHOIO LUyMa. Mertopgbi:
NPUMEHSAJINCb METOAbl OLE€HKN BPEMEHU 3arna3jblBaHUA [10 CTaTUCTUKE I3KCTPEMYMOB, C UCI0JIb30BaHNEM aBTOKOPPEsIAUNOH-
HOW d)yHKL{MM un Metoq nOpH,qKOBOﬁ BpeMeHHOﬁ acummeTpun. Ha ocHoBe nocnegHero Metoga npeasioxeH MeTof, OPUEHTUPO-
BaHHbIN Ha OLeHKY BpeMeH 3arnasjblBaHunA B CUCTEMax C ABYMA 3ajepXKamu. Pe3yﬂbTaTbl.' npoBeJEH CpaBHMTeanblﬁ dHa-
Jin3 paéorb/ 4YeTblpex METO[0B PEKOHCTPYKUnn BPeMeH 3arasfjblBaHuA B aBTOK0/1€6aTeNIbHbIX CUCTEMaX C 3anasjbliBaHnemMm o
Xa0TU4YeCKNM BPEMEHHBIM psagaM Ha rnpumepe CUCTeM Wkegbl ¢ 0OgHUM U ABYMs BPpeMeHaMu 3arnasjblBaHUA. loka3saHo, 4To B oTCyT-
CTBUe agANTUBHOIO LyMa MeTo OLEeHKU BpeMeHU 3arasjblBaHuA, OCHOBAaHHbIN Ha CTaTUCTUKE 9KCTPeMyMoOB, sIBJIAeTCA Hanbosnee
TOYHbIM [J1A CJly4as aHaJin3a BPEMEHHbIX PAA0B CUCTEM KaK C OQHUM, TaK U C ABYMSA 3ana3fblBaHUAMM. an Han4dnn aganTUBHO-
ro wyma npe,qno»(eHwa“l B paMKax pa6orb/ MOAM(ﬁMUMpOBaHHbIﬁ MeToq I'IOpﬂﬂKOBOﬁ BPEMEHHOﬁ acuMMeTpun npn aHaanse cuctem
C O4HNUM BPeMeHeM 3arnasfblBaHnsAa p360T38T He XY)Xe, 4em MeToq aBTOKOppE'ﬂFILlMOHHOl:I d)yHKLlMM u I'IOpH,qKOBOﬁ BPEMGHHOIZ acumme-
Tpun. B CJly4yae AByX BpeMeH 3alas3jblBaHus MOAM(l)ML{MpOBaHHbIﬁ MeTo[ I'IOpﬂ,qKOBOﬁ BpeMeHHOﬁ acummeTpumn pa6oraeT Jiydiie gpy-
rmx. ﬂpaKanecxaﬂ 3HAaYUMOCTb: ONUCaHHbIe METOAbI MOTYT UMETDb MPAKTUYECKOE IMPUIJI0XKEHUE 1PN OLjeHKEe BPEMEHU 3ala3jblBaHnNsA
B aBTOKOJ/1€6aTesIbHbIX CMCTEMAX, pu 3TOM YPOBEHb agANTUBHOIO LUYMa MOXET BJINATb Ha TOYHOCTb OLEHKM.
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BBenenue

CucreMbl, IIOBeIEeHHE KOTOPBIX OIpPEeesaeTcs
He TOJILKO TEKYIUMHU 3HAUEHUSMHU TUHAMHYIECKOH
IepeMeHHOM, HO ¥ OJHUM HUJIu OoJiee 3aepKaHHbI-
MU COCTOSHHUSMH, IIIUPOKO PACIIPOCTPAHEHBI B IIPH-
polie W TeXHWKe. 3alep:KKa B PaCIpPOCTPAHEHHUU
CHTHAJIA B PA3INYHBIX PEAIbHBIX CHCTEMAX MOMKET
OBITH YACTO CBA3aHa C KOHEYHOCTHIO CKOPOCTH pac-
MIPOCTPAHEHUS II0OTOKA HH(OPMAIIUH, OIpPeaess-
olell XapakTePUCTUKU CHUCTEMBI. 3alasablBaHue
WTpaeT KJIYEBYI POJb B (DOPMHPOBAHUM XAOTHU-
YeCKOTO CHTHaJjia B PAAUO(PU3NIECKUX reHeparopax
¢ 3amasgeiBaHHeM [1], onTudyeckux cucremax [2-4],
a TaKiKe IPOSABISIETCA B IIEJIOM Psifie OHOIOTHYECKUX
u pusuosioruueckux cucrem [5-8]. B nunamuke mo-
IMyJSAMUAN 3amasgblBaHNE CBI3aHO C TE€M, YTO 0COOH

YYacTBYIOT B PEIPOAYKIIUHU JIHIIB IIOCJE HEePHoaa
B3pocienus [9]. OgHUM u3 HPAKTUYECKUX IIPHU-
MEHEHHH KOJIBIIEBBIX aBTOKOJIE0ATEIbHBIX CHCTEM
C 3aJIepIKKON SBJISIETCS MOCTPOEHUE CUCTEM Iepe-
nauu wHQOpPMAIMKM HA XaoTHYecKou Hecyte# [10],
B TOM YHCJIe B OIITHYECKOM Auarmnasoue [11, 12].
Onenka 3amasabIBAHMWS 10 BPEMEHHBIM pPAgaM
KoJIebaHUH ABJAETCA BAKHOM 3amadeil s MHOTUX
HAYYHBIX MUCIUILIAH U MOKET IIOMOYh B IIOHHMA-
HUW NPUHIHUNA (PYHKIIMOHHUPOBAHHUA HCCIEIYEeMbIX
CHCTEM, a TaKKe JJd IeJied MOJeIMPOBAHUI U MPO-
THO3UpPOBaHUS moBemeHud. [[nsa pemreHus samadyu
OIIEHKHW IapaMeTpPOB CHUCTEM C 3ala3JAbIBAHUEM HC-
MOJIL3YIOT CHEIMABHO Pa3paboTaHHbIE METOIbI, KO-
TOpbIE TIOCTOTHHO COBEpIIIeHCTBYIOTCA. [Ipu omenke
ImapaMeTpoB WCIOJb3YIOT TEOPETHUKO-UH(OPMAIIH-
oHHBIE TOAX0AbI [13, 14], perpeccHoOHHBIN aHAIU3
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[15, 16], amanu3 3KCTPEMyMOB BpPEMEHHBIX PAI0B
[17], meTox MHOKecTBEeHHOM cTpesbObI [18], Merox
Onmskaimux cocenedt [19], SHTPONUIO TEPECTAHOBOK
[20], B3BelIeHHYI0 SHTPOITHIO ITIePeCTaAHOBOK [21], Me-
TOABI MAIIUHHOTO oOyuenus [22] u np. Bummamnwue
HceeoBaTeNle IPUBIEKAIOT HOBbIE METOMbI, IPHU-
MEHHUMBbIe JJIf OIeHKM BPeMeHHU 3amasIbIBAHUS I10
SKCIIEPUMEHTAIHBHOMY BPEMEHHOMY PSIY, ¥ CIIOCOObI
pacmupenusa ux QyHKITHOHATIBHOCTH.

3amaya OIeHKU BPEMEHU 3aIas3IbIBAHUA CyIIle-
CTBEHHO OCJIOKHAETCS, KOTa TUHAMHUKA CHUCTEMbI
3aBUCUT HE OT OJHOTO, 4 OT IABYX U 0Oojee 3ajep-
JKaHHBIX KoopauHaT. Tak, B pabore [23] 6b11 mIpes-
JIO3KEeH HOBBIHM METOJI OIeHKH OJHOTO 3aIa3bIBAHNA
110 BPEMEHHOMY DAY, KOTOPBIH MOKET ObITh PA3BUT
171 9pPEeKTUBHOM OIEHKHU ITapaMeTPOoB B CHCTEMAaX
¢ IByMs 3amasabIlBaHUIMH. B HacTosmen pab6ore
TIPOBEIEHBI CPABHUTENBHBIN aHAIN3 TPEX METO/I0B
OIIEHKHW BpPEMEeH 3alas[bIBAHUSI B aBTOKO0JIe6ATENb-
HOM CHCTeMe C OTHHUM 3alasablBaHueM, MOAu(UKA-
IS MeTOJa /I OIeHKH [BYX BPEMEH 3amasibIBa-
Husa [23] ¥ cpaBHEHHE HOBOT'O METOAA C METOIaMHU,
OCHOBAHHBIMH HA aHAIW3e SKCTPEMYMOB W aBTO-
KOPPEeIAIUOHHON Py HKIIHH.

MeTOI[BI OII€HKHU BPEMEHHU 3alla3bIBAHUA

CucreMpl ¢ 3amasAbIBAHHEM, OIIMCHIBAEMEIE
nudepeHInaIbHbBIM YPaBHEHHEM IIePBOT0 IOPSI-
Ka, MOTYT OBITH 3aIIMCAHBI B JOCTATOYHO OOIIEM BH-
Ie KaK

ex = f(x, x(t — 1), x(t —13), ..., x(t — 1)), @}

rae € — mapaMerp WHEPIMOHHOCTU CUCTEMBI; [ —
HeKoTopas HeJIWHeHHad PYyHKIUA; X — AUHAMUYE-
CKas IepeMeHHad; T;, Ty, ..., T, — BPeMeHa 3amas-
IBIBAHUA; S — YHUCJIO BPeMeH 3ala3[bIBAHUS B CH-
creMe.

B pabGoTe paccMOTpeHBI TpH YACTO HCIIOIb3ye-
MBIX METOZA IJf OIIeHKH BPEMEHU 3ala3[bIBaAHUI
10 BpPEMEHHBIM pAAAM W IPEIJIOKeHa MOAMDH-
KaIusa OfHOTO W3 METOIOB, OPHMEHTHPOBAaHHAA Ha
OIIeHKY ABYX BpEeMEH 3ala3IbIBaHU.

IlepBrIit MeTOS OCHOBAH HA aHAJIN3E CTATUCTUKU
sxcTpemymoB [17]. IlpunIiun ero paborsi 6asupyercs
Ha TOM, UYTO PACCTOSTHUE MEKAY DKCTPEMYMaMH Bpe-
MEHHOTO PAZa KOJbIIEBOH CHCTEMBI C 3ala3IbIBaAHHU-
eM He MOKeT IPUHUMATh 3HAUeHUd, pABHBIE BpeMe-
HHU 3ana3ablBanud. TakuM o6pasoM, eCIu IOCTPOUTD
3aBHCHMOCTH KOJIMYECTBA BPEMEHHBIX HHTEPBAJIOB
MEKIY SKCTPEMyMaMu OT IJIUTEIbHOCTH HTUX Bpe-
MEHHBIX HMHTEPBAJIOB, TO KOJHMYECTBO BpPEMEHHBIX
WHTEPBAJIOB AJUTEILHOCTH, PABHOM BpeMeHH 3a11a3-
IBIBAHUSA B CUCTEMeE, OyIeT MUHUMATIbHBIM.

Meropn cTaTHCTHKY SKCTPEMYMOB OBLI IPUMEHEH
K BpPeMeHHBIM pAfaM aBTOK0JIe6aTeTbHBIX CHUCTEM

¢ IByMd 3ama3AbIBAHUAMY B I[eTH 00PATHOH CBA3U.
Iloxazano [24], yTo B 3aBHCHMOCTH OT YHCJA Hap
SKCTPEMYMOB BPEeMEHHOU peaTnu3anui, yaaleHHbIX
IPYT OT Apyra Ha HEKOTOpoe MPoOHOoe BpeMs 3amas-
IbIBAHUS, IPUCYTCTBYET ABA MHHHUMYyMa, COOTBET-
CTBYIOII[UX JIByM BpEeMeHaM 3ana3bIBaHUI.

g omeHKW BpeMeHH 3aIepiKKH B CHCTeMax
C 3amasgbIlBaHUEM YacTO IPUMEHAETCA aBTOKOP-
penanuonHaa (QYHKINUS, HAIpUMep, IPH OIeHKe
BpeMEHHU 3ala3fbIBaHUA II0 BPEMEHHBIM pPaAaM
WHTEHCUBHOCTH J1a3€POB, ONUCHIBAEMBIX YPABHEHH-
eM c sanasgbpiBaHueM [25]. ABTOKOpperanHOHHAS
dyHKIIUA ompenenseT 3aBUCHUMOCTb B3aMMOCBI3U
MEKIy CHTHAJIOM W €r0 CABHHYTOH KOMHEeH OT Be-
JUYUHBI BpeMeHHoro casura. [lo BpemenHOMY pARy
rosiebauuii x(f) uccienyeMoOl CHCTEMbI aBTOKOppe-
JANHOHHAS (PYHKIIUI MOXKeT ObITh OIlpeeeHa KaK

T-r

j x(8)x(t + 1)dt, 2)
0

R(v) = 1—1

T

rme x(f) — mcciaexyeMblii BpeMeHHOM P, T — Bpe-
MEHHOU CABWT; { — TeKyIlee Bpems; T — BpeMs Ha-
OmtofieHusi. ABTOKOppeadnuoHHas (PYHKIUSI HMe-
eT SKCTPEeMyMbl Ha BPEeMEHHBIX CIBUTAX, OJU3KUX
K BPEMEHHU 3aJIepKKHM W KPATHBIM €My BpeMeHaM.
Mertos oneHku BpeMeHHU 3a/iep:KKH, OCHOBAHHBIN
Ha pacyeTe aBTOKOPPEIAINOHHON (DYyHKI[UH, IBIIS-
eTcA BTOPBIM U3 pacCMaTpHUBaeMbIX B JaHHOU pabo-
Te METO/IOB.

B pa6ore [23] mpepsoskeH MeTo MOPAIKOBOMH
BPEMEHHOW aCHMMETPHH MAJA OIEeHKH eIUHCTBEH-
HOH 3a/IepP:KKH 10 BPEMEHHOMY PALY. OTOT METO.
ObLT TIpUMEHEeH /I HeJIWHEeHHOTO (PpUIbTPa CKOJIb-
3AIIET0 CPEJHETO C 3aePIKKOH, Xa0THIECKOTO OTO-
OpaskeHUsI ¢ 3aePKKON M peasbHBIX KJINMAaTHYe-
CKHUX PSAMIOB.

Brparue cyts MeToma 3akaoodyaeTca B CIEAy-
fomeM. IlopsakoBOe CHMBOJIHMYECKOE IIpeacTaBlie-
HUEe TOJy4aeTcs W3 HCXOAHOT0 BPEMEHHOTO PAga
MMyTeM IIOCTPOEHHS BEKTOPOB M3 TpPeX 3HAYEHHU
IIepeMeHHBIX C JaroM T (B ZUCKPETHOM BPEMEHHU 1)
(x(@), x(@ — n), x(@ — 2n)). IIpu sTOM 3HAYEHHE TUHAMU-
YeCKOM IepeMeHHOM 3aMeHeHO Ha 4wucia ot 1 1o 3
B 3aBHCHMOCTH OT ero BeuunHbl. CaMoe MajieHbKOe
3HaUYeHUe COOTBETCTByeT 1, cpenuee 2, camoe 60Jb-
moe 3. Takum o6pasom, U3 BpeMEHHOTO pAna IJIH-
HOM N BBIOOPOK MOKHO IOCTPOUTH N — 2 BEKTOPOB
(1abJI0HOB), KAMKABIH W3 KOTOPBIX IIPEACTABIISIET
coboii mepectanoBKy BekTopa (1, 2, 3). KomuuecTso
BO3MOKHBIX BAPHAHTOB paBHo mectH (n; = (1, 2, 3),
e =(1,3,2),n5=(2,1,3),m,=(2,3,1), 5 =03, 1,
2), mg = (3, 2, 1)). 3arem oneHHBaeTCAa BEPOATHOCTD
Kaskmoro mabsmona. [lia rayccoBa ciy4aiHOTo mpo-
1ecca BepOsITHOCTH I1a6I0HA He 3aBUCHUT OT Jiara T.
B 10 xe Bpems, kak moraszano B [23], naa ypaBHe-
HHUA CKOJB3AIIET0 CPETHETO C 3aIePKKOH 3TH BEPO-
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ATHOCTH TEMOHCTPUPYIOT OTKJIOHEHHE OT CPETHETO
3HAYEHHUA NIPU BeJIWYWHE JIara, COOTBETCTBYIOLIEH
HCTHHHOMY BPeMEeHH 3aTePKKH T;.

Il olleHKY BpeMeHH 3ana3abIBaHu A IIPeIosKe-
HO [23] Takke HCIIOIb30BATH IOPAJKOBYIO0 BPEeMEH-
uyio acumMmerpuio (Ordinal Temporal Asymmetry,
OTA):

OTA:|TC]_—T56|+|1'C2—7I4|+|TC3—T55|. (3)

9Ta Mepa JIOCTUTaeT MaKCHMyMa IIPH T = T;, 9TO
ObLII0 ITOKA3aHOo B pabore [23] HA IpuMepe HeIWHEH-
HOTO (PUJIBTPA, XAOTHUYECKUX JUCKPETHBIX 0TOOpa-
JKeHUH U peajbHbIX IPUMepax.

B Hacrosme#t pabote omucaHHBIA METO IPUMe-
HfeTCH [JIs KOJIBIIEBOM CHCTEMBI C 3ama3abIBaHUEM,
a TakKe Ha ero 6ase MPeAJIOKeH HOBBIH METOM JAJIs
HCCIeOBAHUA BPEMEHHBIX PAZIOB CUCTEM C OHUM U
IBYMS BpEMEHAMU 3aIa3bIBAHU.

IIpenmaraemplii HAMH MOAH(PUIIMPOBAHHBIN
MEeTOJl TOPSAIKOBOM BPEMEHHOW acUMMETPHHU 3a-
KJII0YaeTCsI B TOM, YTO JJIf IIOCTPOEHUS IIa0JIO0HOB
WCIOJb3yeTCd He ONWH Jiar, Kak dTOo OBII0 ce-
maHo B [23], a mBa, T. . paccMaTpPUBAIOTCA BEKTO-
pot [x@), x@-n), x@-n-m)]. Ipyrumu cioBamu,
aHANUBUPYIOTCS TPU TOYKH BPEMEHHOTO psa, HO
He C PaBHBIMH PACCTOSHUIMH MEKIY HHMH, Kak
B MeTO/le TOPAAKOBOM BPEMEHHON acUMMETPHH, a
C Pa3sHBIMHU: MEKAY EePBOM U BTOPOU TOUYKAMHU pac-
CTOSAHHE PABHO N, a MEKY BTOPOH U TPETbeH — m.
3areM IPOBOAUTCS CyYMMHPOBAHUE BEPOSTHOCTEH
nogBiaeHus mabnoHoB u Haxoxmenme OTA nuaa
KaskI0i mapel m, n B coorBercTBum ¢ (3). Takum
ob6pasom, IpoGHBIM BpeMeHaM 3aIa3[bIBAHUS COOT-
BETCTBYIOT iB€ KOOPAUHATHEI, M U N, U KaKI0H mape
3HAUYEHWH m, n cooTBeTcTByeT cBoA Beanunna OTA.
Beauwunna OTA orTobpaikaercs IIBETOBOH raMMOI
Ha IJI0CKOCTH IPOOHBIX JIaroB (m, n).

PesyabTaThl OIIEHKH BPpEMEHH
3anasabIBaHUA 10 BPEMEHHOMY PALY

CpaBHeHHE METOIOB OLIEHKH BPEMEHH 3aTE€PIKKHA
JIJII CHCTEMBI C OJTHUM 3amas3abIBaHueM

B nanmom pasmese mpoBeeHO cpaBHeHHe pabo-
ThI BCeX YeThIPpeX IMMepevYruC/JIeHHbIX BbIIIEe MeP OIleH-
KU BpeMeHU 3ala3[blBaHUA II0 BPeMEHHOMY PALY
IJIA TUIMYHOTO IPEICTABUTENS CHCTEMBbI IIEPBOro
MOPSAAKA C OJHUM 3alasJblBAHUEM — yPaBHEHHS
Hrenswr [2] Buna

ex = —x + asin(x(t — 17)), 4)

rae BpeMs 3anasabpiBanud v, = 100; mapameTp uHep-
IIUOHHOCTH ¢ = 4; mapamMeTrp HeJWHEeHHOCTH o = 4.
PacueTs! mpoBogunch MeTomoM Jisiepa ¢ marom 1
¥ IIAHOM BpeMeHHoro paga 10° Todex.

IIpumeps! mpuMeHeHUA BHIOPAHHBIX MepP K Bpe-
MEHHOMY PSAy CHCTeMbl (4) mpejcTaBieHbl HA
puc. 1, a—e. Ha puc. 1, e cBeT/IbIE 06/1ACTH COOTBET-
cTBYIOT 6oJee BbicokuM 3HaueHusaM OTA, remHBIE —
6osee HU3KUM. Bpemsa 3amasabIBaHUA XOPOIIIO OLie-
HUBAETCA II0 BEPTUKAJIBHOH JUHUH, COOTBETCTBY-
fommet MakcuMmanbHbIM 3HadeHuaM OTA. Taxe
JJIS WILTIOCTPALNY IOCTPOECHA KapTUHA JTOKAIbHBIX
MaKCUMYMOB, TIOTO0HO TOMY, KAK CTPOATCS CKeJe-
TOHBI B BEHBJET-CIIeKTpax. UepHaa BepTHKAIbHAL
JIUHUA COOTBETCTBYET BPEMEHU 3amlas3AbIBAHUA CH-
crembl (4). BunHo, 4T0 0JUH M3 MaKCUMYMOB XOPO-
III0 COOTBETCTBYET BPEMEHU 3aIa3IbIBAHUA.

Kaxk u oxuganoch, METOR CTATUCTUKU DKCTPEMY-
MOB siBiseTcsd Haubojee TOYHBIM. Mwunmmym N(t)
CTPOTO COOTBETCTBYET BpPEMEHH B3amasIbIBAHUI
7, = 100. ABTOKOppenAnuOHHAA (DYHKIUA IEeMOH-
CTpUPYET OCOOEHHOCTH BOJIM3YM BPEMEHW 3alasibl-
BaHus, MakcumMyMm KR(t) cooTBeTCTByeT 3HAUYEHHUIO
102 u cmelnleH Ha ABE eOUHUIBI JUCKPETHOTO Bpe-
MEHHU OTHOCHTE/IHHO UCTUHHOTO BPEMEHH 3amas/bl-
BaHWA. OKCTPEMYMBI B BEPOSITHOCTH IIOPSIKOBBIX
IaTTEPHOB Ha pHC. 1, 8 CMeIeHbl OTHOCUTEIHHO HC-
THHHOTO 3HaueHHUs. Tak, naTTepH m; JeMOHCTPUPYeT
makcuMyMbl Ha BpemeHax 99 u 103. Kpome Toro, ecthb
TaKKe DKCTPEMYyMbI HAa BpeMeHH, OJIHM3KOM K II0JIO-
BUHHOMY BpPEMEHHU 3ala3IbIBAHUA. JTO CYIIECTBEH-
HO 3aTPY[IHSET OIEHKY BpeMeHU 3aIas3ibIBaHusd II0
BpPeMEeHHOMY pany. B cymMMapHOM 3Ha4YeHWU IIOPA.-
roBoit Bpemenuoi acummerpuu OTA (puc. 1, 2) ecTb
MAaKCUMYMBI, MeIIaloIIue OIleHKe BpEMEHU 3a11a3/[bl-
BamuaA B cucreme. Ha miaockoctu puc. 1, 0 u e Bpems
3amnasfbIBaHUS onpeesaeTcs 6oree yBEpEeHHO U CO-
crasndger 101, uTo oTsmyaeTca OoT UCTUHHOTO Ha 1 %.

IIpu nobaBaeHuM aJIUTUBHOTO IIyMa MUHUMYM
N(t) npy HUCTHHHOM BpEeMEHH 3ala3fgbIBaHUA Ha
puc. 1, @ craHOBUTCA MeHee BBIpaKeHHBIM. llpwm
ypoBHe n00aBieHHOTO ImymMa 2 % OT IHUCIEePCUH
CUTHAJIA CUCTEMBI (4) MUHUMYM II€PECTAET COOTBET-
CTBOBATh TOYHOMY BpeMeHHU 3aIa3bIBAHUI, JEMOH-
CTPUPYS CMeIeHre B GOIBIIYI0 UM MEHBIIYIO CTO-
pomy. Ilpu sToM aBTOKOppensdnuOHHAS (DYHKIHA,
meron OTA u momudwunmposauubiii merom OTA
He JIeMOHCTPUPYIOT W3MEHEHWS OIIEHKH 3alasbl-
BaHUA II0 CPABHEHUIO ¢ curHajiaoMm Oe3 mywma. [Ipu
JaTbHEHIeM yBeIWYEeHWH YPOBHA IIyMa IOABIA-
eTCs BO3MOKHOCTD OIIEHUTH BpeMs 3ala3IbIBaHU
C TOTPENIHOCTHIO JHIEL 0 MakcumyMmy N(1), B TO
BpeMsd KaKk MUHHMYM CTAHOBHUTCS HEPa3IHYUMBIM.
Jlpyrue MeTobI elle IPomoKA0T Pa6oTaTh.

CpaBHeHHe METO/IOB OIIEHKH BPEMEHH 3aePKKH
[UI CHCTEMBI C IByMSA 3ala3abIBAaHUAMHA
HuTepecHo wuccienoBaTh BO3MOKHOCTH PEKOH-
CTPYKIIMH BpeMeH 3a/epKKH B KOJIBIIEBBIX aBTOKO-
mebaTenbHBIX CHUCTEMAX C ABYyM: 3alasqblBaHUd-
MH, IIOCKOJIBKY B pPeajbHBIX CETEBBIX CHCTEMAX CO
CIIOKHBIMHU CBA3AMH YacTO IPHUCYTCTBYIOT IIPOIIEC-
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B Puc. 1. I[Ipumeps! npuMeHeHUs BEIOPAHHBIX Mep K BPEMEHHOMY DALY CHCTEMBI (4): ¢ — CTATHCTHKA SKCTPEMYMOB; 6 —
aBTOKOpPPeNAINOHHAA (DYHKINA; 8 — BePOATHOCTH IIOPAAKOBBIX maTTepHOB ¢ D = 3; 2 — mopankoBas BpeMeHHAs acHMMe-
tpust OTA; 0 — mopudunrpoBaHHAsT TOPAAKOBAT BPEMEHHAA aCHMMETPHS; € — CKEeJIIETOH MOAU(PUIIUPOBAHHOM ITOPATKOBOM

BpPEMEHHOH aCHMMeTPUU

B Fig. 1. Examples of applying the selected measures to the time series of the system (4): a — statistics of extrema; 6 —
autocorrelation function; 6 — ordinal patterns probabilities with D = 3; 2 — ordinal temporal asymmetry OTA; 0 — modi-
fied ordinal temporal asymmetry; e — modified ordinal temporal asymmetry skeleton

ChI, TMHAMHKA KOTOPBIX OIpee/isieTcs He OJHOH, a
OOJIBIINUM KOJTHYECTBOM 3a/[€PIKEK.

B sT0i1 craThe mpoanaau3upoBaHa padoTa 4eThl-
pex Mep AJI BPEMEHHOTO Psijia MOAUPUITMPOBAHHON
cucteMbl Kenbl ¢ AByMs BpeMeHaMH 3allasbIBa-
HUA:

ek = —x+0,5(cusin(x(t — 11))) + 0,5(cusin(x(t — 19))), (5)
rge 1 = 80, 15, = 100, € = 5, o = 4. PacueTs! npo-

BOJMJIMCH TI0 BpeMEHHOMY pALy AauHOH 105 Touek,
IIIar HHTETPUPOBAHUS COCTABIAI 1.

Tax ke, KaK U JJI CUCTEMBI C OHUM BpeMeHeM
3amas3abIBAHUsA, OMUCAHHBIE METO/bI TPUMEHSIUCD
K BpeMEHHOMY PAIy cucTeMsl (5).

Mertoj cTaTHCTUEHM SKCTPEMYMOB JA€T TOYHBIE
3HaueHWs O0OMX BpeMeH 3amas3JbIBaHUA, COOT-
BETCTBYIOIIUX MHUHHMyMaMmM Ha pwuc. 2, a. ABro-
KoppensanuonHas QyHKmusa R(t) memoHCTpHpyer
eIMHCTBEHHBIN MakcumyMm Ha T = 97 (puc. 2, 6),
TaK 4TO B 9TOM CJIydae OIeHUTDH 3a/IeP:KKH 10 Bpe-
MEHHOMY psy He yaaercs.

PesynbpraThl WMCIONIBb30BAHUS MeTOHA TOPSI-
KOBOM BPEMEHHOW aCHMMETPHU IIPEeICTABJIEHbI
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Ha puc. 2, 6, 2. ['paduku BEpOATHOCTH IOPSIIKO-
BbIX martepHoB ¢ D = 3 (cMm. pue. 2, 8) mocTpoe-
HBI B 3aBHCUMOCTH OT Jjara T AJasg cucremsl (5).
IlonyuenHble B3aBUCHMOCTH CJIOKHO HHTEpPIpe-
THUPOBATh, IIOCKOJbKY OHHU COJEPKAT LEJIbIH PAX
9KCTPEMYMOB, HE COOTBETCTBYIOIIHUX HH OIHOMY
W3 BpeMeH 3amasiblBaHud. B cymMMapHOM 3Hadue-
HHUU NOPAAKOBON BpemenHo# acummerpuu OTA na
puc. 2, 2 TakxKe ecThb IeNbIi P MAKCHUMYMOB, KO-
TOpPBIE HE COOTBETCTBYIOT HU OJ{HOMY M3 BPEMEH 3a-
mas3abIBaHUA.

CTOXACTUYECKASl QIMHAMUKA U XAOC \

B MomuduimpoBanHOM MeTOMEe MOPATKOBOMH
BpeMeHHOW acumMerpuu (puc. 2, d) BpeMeHaM 3a-
MasgbIBAHUS COOTBETCTBYIOT TOPHU30HTAJNBHBIE WU
BEPTUKAJbHBIE CBETJIbIE II0JIOCHI, OTPAKAIOIINE
makcuManbuable BennunHbl OTA. ITo markcumannb-
HBIM 3HAYEHHUSIM MOJKHO HPOBECTH BEPTHKAJIbHBIE
nosiockl pu m = 83 u m = 102, yro ABagETCA J0-
CTaTOYHO OJIM3KOM OIEHKOM BpeMeH 3amasiblBaHus
B cucteMme (5). CMmellieHre OIeHKH B 60JIBIIIYIO0 CTOPO-
HY CBSI3aHO C HAJWYHEM HHEPIMOHHOCTH B CUCTEME.
g wamocTpaliuy HA PUCYHKE ITPOBEIeHbI BEPTH-
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B Puc. 2. [Ipumeps! npuMeHeHUsT BEIOPAHHBIX Mep K BPEMEHHOMY DSy CHCTEMBI (5): @ — CTATHCTHKA SKCTPEMYMOB; 6 —
aBTOKOPPeNANNOHHAA (DYHKINA; 8 — BePOATHOCTH IIOPAAKOBLIX IMaTTepHOB ¢ D = 3; 2 — mopankoBas BpeMeHHAs acHMMe-
tpust OTA; 0 — mopudunrpoBaHHAT TOPIAKOBAST BPEMEHHA aCHMMETPHS; € — CKEeIETOH MOAN(PUIIMPOBAHHOM TOPITKOBON

BPEMEHHOH aCUMMETPHH

B Fig. 2. Examples of applying the selected measures to the time series of the system (5): a — statistics of extrema; 6 —
autocorrelation function; 6 — ordinal patterns probabilities with D = 3; 2 — ordinal temporal asymmetry OTA; 0 — modi-
fied ordinal temporal asymmetry; e — modified ordinal temporal asymmetry skeleton

N26,2022 N\

MHOOPMALIMOHHO-YMPABJISIIOLLIME CUCTEMbI  \ 57



7/ CTOXACTUYECKAA AUHAMMKA U XAOC

KaJIbHbIE YepHBIE INHUU, COOTBETCTBYOIIINE BpeMe-
HaM 3aJIep:KKH B cucreme (5).

Bosee narnsimao BpeMeHa 3anas3abIBaHU OIIpe-
JeJIAI0TCS 10 CKeJeTOHY (puc. 2, €). ITOT PUCYHOK
npezxcraBiasieT co60d He TAKYH MPIMYIO JUHHUIO,
KakK 9TO OBLIO JJI CHCTEMBI C OJHUM 3alasablBa-
HueMm (cM. puc. 1, ), a U3BUIUCTYIO JHUHUIO C Tpa-
Huei ciesa 83, cupaBa — 102. 3T rpaHUIBI
MPEeACTaBAAIT cO00H OIEHKY BpeMeH 3amasibl-
BaHWsdA B cucTeMe. BepTukaibHbIE YepPHbIE JIUHUH,
MpOBefleHHbIE HA pUC. 2, e, KAK U Ha puc. 2, d, co-
OTBETCTBYIOT BpeMeHaM 3amnasabiBanua 80 u 100
B ypaBHeHuH (5).

«[IpucyTcrBHe 1IymMa BO BpEMEHHBIX psagax Ipu-
BOJUT K TOSBJIEHUIO IOMOJHUTEIbHBIX JKCTPEMY-
MOB, He CBSI3aHHBIX C COOCTBEHHOH IUHAMHKON
CUCTEMBbI ¢ 3amasgblBaHueM. BciencTBue BBICOKO-
YaCTOTHOTO IIIyMa BEPOATHOCTb O0OHAPYKUTH MMapy
SKCTPEMYMOB HA YIAJEHHH T IPYT OT Ipyra B o61em
ciaydae JOJKHA Bo3pacTu. B pesymbrare ¢ yBeiu-
YyeHWeM YPOBHS IIyMa HabIgaeTcs yBeaudeHune
cpenuero 3uavenus N. BeposaTHocTs 06HApPYKUTH
mapy SKCTPeMyMOB Ha yIalleHHH T; JpyT OT gpyra
toxxe pacrer. OqHAKO P HE CIAUIIKOM OOJIBIINX

7

YPOBHAX IIIyMa 5Ta BEPOSITHOCTb BCE K€ MEHbIIIE,
YeM BepPOATHOCTDh BCTPETHUTH MMapy SKCTPEMYMOB Ha
ynaneHuu T # 1,. To ecTh KauecTBeHHBIE 0COOEH-
HOocTH 3aBUCUMOCTH N(1), 00yCIIOBJI€HHBIE TUHAMHU-
KOM CHCTEMBI C 3ala3abIBAHUEM, COXPAHSIOTCSA IPU
yMepeHHOM IityMe» [24].

Ha puc. 3 mpencraBieHs pacyeTbl METO/A CTATH-
CTHKH SKCTPEMYMOB, aBTOKOPPEISIIIHOHHON (PyHEK-
IUA ¥ MOAU(PUITMPOBAHHOTO METOJa TMOPAIKOBOM
BPEMEHHOW ACUMMETPHU IIPU JOCTATOYHO OOJIBIIOH
IUCIIEPCUU aAJAUTUBHOTO Iryma, pasuoir 0,5 [uTo
cocraBiseT 15 % qucnepcuu cursaaa cucteMsl (5)].
IIpu 5TOM MUHUMYMBI B CTATHCTHUKE SKCTPEMYMOB
He BHUIHBI coBceM (pwuc. 3, a), a SKCTPEMyMbl CTa-
HOBSITCSI PACIPele/IeHHbLIMHU 1[I0 BPEMEHHOMY PSIY
TIOYTH paBHOMEPHO. B mepByio ouepens 5TO CBA3AHO
C IJIOXOM OIIEHKOM IIPOM3BOIHOM, YTO TaKiKe HAMH
oTMedaoch B pabore [24]. ABTOKOppensaIHOHHAS
QyHKIIMS TpPaKTHYECKH HE H3MEHHJIACh, IeMOH-
CTPUPYS OMWH MaKCHMyM Ha BpEMeHH 3allasbIBa-
uud 97, Kak u B mpuMepe 6e3 mryma (puc. 3, 6).

B To e Bpems ciaeayeT OTMETHUTH XOPOIIYIO pa-
60Ty MOAM(MHUIIMPOBAHHOTO METOAA TOPAAKOBOU
BPEMEHHOU aCUMMETPHUH, IPEJJIOKEHHOT0 B JaHHOHN

a) 0,7
= 0,65 —
0,6
’ [ [ [ [ [ [
0 20 40 60 80 100 120 140
T
o 200
0,35
175
0,30
150
125 0,25
75 0,15
50 0,10
25 0,05
0
0 50 100 150 200
m

2)

-05 T T T T 1
100 120

140
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175 A
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B Puc. 3. Ilpumeps! npuMeHeHus BHIOPAHHBIX MEpP K BPEMEHHOMY Py CHUCTeMbI (5) ¢ 100aBIeHHBIM IIyMOM: @ — CTaTH-
CTHKA DKCTPEMYMOB; 6 — ABTOKOPPEIAIMOHHAS (PYHKIUA, 6 — MOJU(UIIMPOBAHHAS MMOPSAKOBAsS BPEMEHHAS ACUMMETPHS
OTA; 2 — cremeroH MOIUQUITUPOBAHHON IOPALKOBON BPEMEHHOM aCUMMETPUH

B Fig. 3. Examples of applying the selected measures to the time series of system (5) with additive noise: a — statistics of
extrema; 6 — autocorrelation function; 6 — modified ordinal temporal asymmetry OTA; z — modified ordinal temporal

asymmetry skeleton
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craTbe (puc. 3, 8). CBerable 061aCTH, COOTBETCTBYO-
[[Fie UICTHHHBIM BpEMEHAaM 3aIa3bIBAHUA U MAKCH-
manbabIM 3HaveHuAM OTA, Takixe HAXOQATCA IPHU-
MepHO Ha ypoBHe m = 83 um = 102, Kak u B caydae
6e3 mobaBiieHus aAAUTUBHOTO ryma. Ha ckesneromne
OTA (puc. 3, 2) BUAHBI XapaKTepHBIE MAKCUMYMbI
B paiione m = 83 u m = 102. BepruranbHble dep-
Hble JUHUH COOTBETCTBYIOT MCTHHHBIM BpEMEHaM
szamnasnbpiBanug 80 u 100 B (5).

3akjaroueHue

B pamrax maHHOH paboThI NMPOBENEeH aHAIHU3
Tpex METOIOB OLIEHKM BPEMEHHU 3a/IeP:KKH II0 Bpe-
MEHHOMY pAIy B aBTOK0Je0aTeIbHBIX CHCTEMAaX
C 3amasgblBAHWEM W IPEIJIOKeHa MOTUPHUKAIIHS
MeTola, OpPHEHTHpPOBaHHAasg Ha OIEHKy IiapaMe-
TPOB CHCTEM C JBYyMS BpeMeHaMH{ 3ala3JIbIBaHUA.
IlokazaHo, 4TO METOX CTATUCTHUKH IHKCTPEMYMOB
X0POIIIo paboTaeT IPHU JOCTATOUHO HU3KUX YPOBHAX
aAAUTHUBHOTO LIyMa [JII OLIeHKU KaK OZHOTO, TaK U
IBYX BpeMeH 3anasiabpliBaHuda. MeToq aBTOKOppesd-
UMOHHON (DYHKI[MHM XOPOLIO paboTaeTr AJsS CHUCTEM
C OHUM 3alasablBaHUeM IIpX He60JIbIIOM BpeMeHH!
WHEPIIMOHHOCTH HCCJIeLyeMbIX CHUCTeM (II0 cpaBHe-
HHIO CO BpEMEHEeM 3aIa3bIBaHUA), XOT U J]aeT CMe-

IIEHHYI0 OIEHKY. B TO e BpeMs [ CHCTeM C IBY-
Ms BpeMeHaMU 3amasibIBAHUS 3TOT MeTo] pabora-
er wi10x0. MeTos mopsAAKOBOM BPEeMEHHON acuMMe-
TPUHU IJIsT CUCTEM C ONHUM 3alasIblBAHHEM TaK:Ke
IaeT CMEIeHHYI0 OIIeHKY BPEMEHU 3ama3ibIBAHNUS,
a [JIf CHCTeM C AByMs BpeMeHAMH 3alas[blBaHUs
He II03BOJIIET XOPOIIO OLIEHUTH BETUYUHBLI BpEeMeH
sanasaepiBanua. MoauuIupOBAHHBIA METOJ, IIO-
PAIKOBOM BPEMEHHOHM ACHMMETPHH B OTCYTCTBHUE
aIJUTHBHOTO IIyMa YCTYIIAeT B TOUHOCTH METOMLY
CTATHCTHKM SKCTPEMYMOB KAK IJIS OXHOTO, TAK W
I IBYX BpeMeH 3amnasabiBanusa. C gpyroi cropo-
HbI, IPH HAJIWYKWH [IyMa B CAy4ae aHAIM3a CHCTEM
C IByMs 3ala3gblBAHUAMU MOIU(PUIIUPOBAHHBIN
MeToq paboTaer aydiie IPyTrux.

Takum 06pasom, Ipu OIleHKe BPpeMeH 3amasiblBa-
HHS [0 BPEMEHHOMY Py Pa3INYHbIX PEaTbHbBIX CH-
cTeM HeoOXOIUMO ITOIb30BATHCI BCEM CIIEKTPOM II0-
CTYITHBIX METOIOB, YTO ITO3BOJHUT O0jee 3 (PEeKTHBHO
OLIEHUBATh IAPAMETPhI HCCIIEyEMbIX CUCTEM.
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Introduction: The problem of delay time estimation in ring self-oscillatory time-delay systems arises in various fields of science
and is of great importance in the study of real systems generating chaotic time series. Purpose: To conduct a comparative analysis of
the operation of methods for the reconstruction of time-delay systems from chaotic time series in the absence and presence of additive
noise. Methods: Methods for estimating the delay time according to the statistics of extrema, using the autocorrelation function and the
method of order time asymmetry are used. Based on the latter method, a method is proposed that is focused on estimating the delay times
in systems with two delays. Results: We carry out a comparative analysis of the operation of four methods for reconstructing the delay
times in self-oscillating time-delay systems from chaotic time series using the example of Tkeda systems with one and two delay times. We
demonstrate that in the absence of additive noise, the delay time estimation method based on statistics of extrema is the most accurate
one for the case of time series analysis of systems with both one and two delays. In the presence of additive noise, the modified method of
order time asymmetry proposed in the work in the case of the analysis of systems with one delay time works no worse than the method
of the autocorrelation function and order time asymmetry. In the case of two delay times, the modified order time asymmetry method
works better than others. Practical relevance: The described methods can have a practical application in estimating the delay time of
self-oscillating systems, yet the level of additive noise can affect the accuracy of the estimate.

Keywords — time-delay systems, self-oscillating systems, estimation of parameters, reconstruction of equations, chaotic time series.

For citation: Ponomarenko V. I., Lapsheva E. E., Prokhorov M. D. Estimation of delay times from time series of ring self-oscillatory
time-delay systems. Informatsionno-upravliaiushchie sistemy [Information and Control Systems], 2022, no. 6, pp. 53-61 (In Russian).
doi:10.31799/1684-8853-2022-6-53-61, EDN: SOYXID
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A3APOB 3amecrurens gupexropa Cesepo- BACHUJIBEB Crapmuii HayYHbBIH COTPYJHUK
ApTyp 3amajHOr0 HHCTUTYTA yIpaBie- Huxoaan 1a60paTOpUE TEOPHU IPEICTaB-

AnexcaHapoBud

JICHUH ¥ JUHAMAYECKUX CHCTEM
Camnxr-Ilerepbyprckoro — ormerne-

uus Poccuiickoit akagemun Hapos-
HOTO XO3fHCTBA M TOCYJAapPCTBEH-

Hukomaesnu

Hoii ciry:x6b1, Cankr-Ilerepbypr.

B 2011 romy oxomuun Caskr-
Ilerepbyprckmii  rocyzapcrBes-
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THKA B MEKJYHAPOIHBIX OTHOLIE-
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[[MI0 HA COMCKAHWE yIeHOU CTele-
HU KaH[UJaTa TeXHUIeCKUX HayK.
fBnaerca aBropom 140 HaydHBIX
myGauKanui u 13 CBUIETENbCTB 0
perucrpanuy nporpamm i OBM
u 623 TaHHBIX.

O6nacTh HAayYHBIX HHTEPECOB —
uH(pOpPMaUOHHAA 0e30IaCHOCTb,
aHaIu3 TaHHBIX, MAIIMHHOE 00y-
JYeHHe U JIp.

9. agpec: artur-azarov@yandex.ru

Husg MareMaTiuyecKoro HHCTUTYTa
um. B. A. Crexnosa PAH.

B 1975 romy okonumn maremaru-
Ko-MexaHuueckuil axyabrer Jle-
HUHTPAJCKOTO TOCYIapPCTBEHHOTO
YVHHUBEPCUTETA 110 CIeUATbHOCTH
«Anre6pa u TEOPHUS YHCeI>.

B 1990 romy sammrtun auccepra-
LU0 HA COUCKAHWE YYEHOH CTere-
HU KaHAuAaTa (U3UKO-MaTeMaTy-
YECKHX HayK.

fABnsiercs asropom Gomee 120 ma-
YYHBIX ILyOIUKALAH.

O6mnacTe HayYHBIX HHTEPECOB —
KOMIIbIOTEpHAs anrebpa, BBIYUC-
IUTeNIbHAA ajrebpamdyecKas Teo-
MeTpHs ¥ KOMMYyTATHBHAs ajre-
6pa, Teopus NUHAMHYECKHX CH-
creM, HebecHad MeXaHuKa.

1. anpec: vasiliev@pdmi.ras.ru

BEPECOBA Accucrent xadenps! nHOKOMMY- BOPOHKOB Crapmuii Hay4YHbBIH COTPYJHUK
AnuHa HUKAIIMOHHBIX TEXHOJOTHUA ¥ CH- FpI/II‘OPI/Iﬁ HUJI «Cencopubie cucTEMBI HA OC-
MakcCHMOBHA crem cBasu Cauxr-IlerepGypr- Cepreesnu HOBE YCTPOHCTB HHTETPaIbHOM

CKOTO TOCYZapCTBEHHOIO yHHBEP-
CHUTETa a9POKOCMUYECKOr0 IpH6o-
POCTPOEHHUS.

B 2021 romy oxonumma Caskr-
Ilerepbyprekuit  rocymapcTBeH-
HBIH YHHBEPCHUTET adPOKOCMHUe-
CKOT0 IPHGOPOCTPOEHHU 10 CIIEIIH-
aIbHOCTH «HAudopmanuonunas
6€3011aCHOCTb».

fBnaerca aBropom 16 HaydHBIX
myGIuKamui.

O6nacTb HAyYHBIX HHTEPECOB —
Teopus WHPOPMALIUH, TEOPHA KO-
IUPOBAHUA, HHU3KOIJIOTHOCTHbIE
KOJIbI, KAHAIIBI C IAMATBHIO.

1. azpec:
amveresova@gmail.com

ororukn» YHUMCKOro yHHBEpCH-
TeTa HAYKY U TEXHOJOTUH.

B 2007 roxy oxonumi ¢ oTIHYnEM
Ybumcrmit rOCyAapCTBEHHBIN
aBHAIMOHHBIN TeXHUYeCKUU yHU-
BEPCHTET 10  CIENHAIBHOCTH
«CpezcTBa CBA3U C MOJABUKHBIMA
obbeKTaMu».

B 2017 roxy samurun puccepra-
[UI0 HA COMCKAHWE yYEHOH CcTere-
HU KaH/U1aTa TEXHHIECKUX HAYK.
fABngerca aBropoMm 62 HaydHBIX
myGauKanuii.

O6nacte HAYYHBIX HHTEPECOB —
00paboTKa CHIHANIOB, HHTErPAJb-
Has poronura, CBU-curuasr.
. agpec: voronkov.gs@ugatu.su

BOPOHKOBA

BaagumupoBHa

Crapmuii Hay4YHBIA COTPYAHUK
HUJI «Cencoprble crucrembl Ha 0C-
HOBE YCTPOHMCTB HHTErpalbHON
hoTOHHKN> YDHUMCKOTO yHIBEPCH-
TeTa HAYKU U TEXHOJOTUHU.

B 2012 roxy okonumIa € OTIHUHEM
Ybumcruit rOCyapCTBEHHBIN
aBHAIIMOHHBIM TeXHHUYECKUU yHH-
BepCUTET 110 CIIenuaJIbHOCTH
«MHOroraHaIbHbIE TEIEKOMMYHU-
KaIlUOHHbIE CHCTEMbI».

B 2016 roxy sammruia guccepra-
I[UI0 HA COMCKaHUe y4eHOH cTelle-
HU KaHAHAaTa TeXHUYEeCKUX HayK.
fABngercs aBropoMm 44 HaydHBIX
mybnuKanui, OfHOr0 IaTeHTa Ha
nsofpeTeHue, Tpex IATEHTOB Ha
0JIE3HYI0 MOZIETb.

O6nacTh HayYHBIX HHTEPECOB —
MUKPOBOJIHOBas (POTOHUEKA, BOJIO-
KOHHAf ONTHKA, WHTErpaabHas
(oronuxa.

1. ajgpec:
voronkova.av@ugatu.su
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ITaBaoBHA
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Ybumcruit rOCyAapCTBEHHBIN
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«CpezcrBa CBA3U C MOJABUKHBIMA
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B 2016 romy samuruna guccepra-
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YYHBIX IyOIUKaNnl, IBYX IaTeH-
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Bacuanit JIPBI QITOPUTMHYECKOH MaTeMaTH- Hpoc JIAB HUTMO no cnenuansaocru «IIpo-
ku Cankr-IlerepGyprekoro rocy- rpaMMHUpPOBaHUE U HCKYCCTBEH-

Cepreesnu CepreeBuu Hbtii HHTOLTOK T,

JIapCTBEHHOTO  DJIEKTPOTEXHUYE-
ckoro yuusepcurera «JI0TH».

B 2010 romy oxomuun Caskr-
ITerepbyprckmii  rocyzapcrseH-
HBIfl YHHBEPCHTET a3pPOKOCMHYE-
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An. agpec: vsduzhin@etu.ru
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TUH U CHCTEMBbI CBA3H».

fBngerca aBropoM mATH HAyIHBIX
myGIuKanui.

O6nacTh HAyYHBIX HHTEPECOB —
HHTerpanbHasd (POTOHHKA, CIIyT-
HHUKOBbIE CHCTEMBI CBS3H, acTpO-
HOMHYECKas CIIEKTPOCKOIIH.

1. appec: zakoyan.ag@ugatu.su

HUIIBIKCOH
Baagumup
MuxanaoBuua

Hupexrop Beiciueil mkombr nHTE-
JIEKTYaIbHBIX CHCTEM U CYIEpPKOM-
MBIOTEPHBIX TexHomorui UHeruTy-
Ta KOMIIBIOTEPHBIX HAayK U TEXHOJIO-
ruit Cankr-IlerepGyprexoro momu-
TEXHWYEeCKOro yHuBepcurera Ile-
tpa Benuxoro, pykoBoguTens 1abo-
paTopuu BepU(pUKALINY U AHAIH3A
nporpamum JetBrains Research.

B 1996 roxy oxomumn CaHkr-
ITlerepGyprexuii rocyapcTBeHHBIH
MOJUTEeXHUYECKUH  yHUBEPCHUTET
o crienmasnbHocTH «MHpOpMarnka
1 BBIYUCIUTEIbHASL TEXHHKAY.

B 2000 romy sammrun mguccepra-
IMI0 Ha COMCKAHUe yIEHOH crere-
HU KaH/[U1aTa TeXHHIECKUX HAYK.
fIBnserca asropom Gomee 100 Ha-
YUHBIX Iy GIHKALH.

O6nacTe HAyYHBIX HHTEPECOB —
(opmanbHbIe METOABI, BepuduKa-
UMf W aHajiu3 mporpamm, op-
MalbHble CHenupUKanuy, Kade-
CTBO IIPOrPAMMHOr0 06€eCIeYeHN .
9. axgpec: vlad@ice.spbstu.ru

NBAHOB
Baaaguciaas
BuxTopoBuu

Mnapmuii HaydHBIH COTPYAZHHUK
HUJI «Cencoprble crucTeMbl Ha 0C-
HOBE YCTPOHMCTB HHTErpalbHON
hoToHUKN> YDHUMCKOT0 yHIBEPCH-
TeTa HAYKU U TEXHOJIOTUHU.

B 2017 roxy oxoHunI ¢ OTIHUIHEEM
Ydumcruit rocysapcTBeHHBIH aBH-
AQIMOHHBIA TeXHUYEeCKUH yHUBEp-
curer 1o crenuanbaocTd «MHDO-
KOMMYHHKAI[MOHHBIE TEeXHOJOTHH
1 CHCTEMBI CIIEIIHAIbHOM CBABH».
fABngercs aBropom 10 Hay4yHBIX
myOIuKAInN.

O6nacTh HayYHBIX HHTEPECOB —
00paboTKa CUTHAIOB, HHTErPAIb-
Had (DOTOHHUKA.

911 ajpec: ivanovvv@ugatu.su

RKY3bMHH
Aprem
AMuTpreBud

MarucrpanT darynbrera KOM-
[BIOTEPHBIX TEXHOIOTUH U HH(OP-
maruku  Canmkr-Ilerepbyprekoro
rOCYZAPCTBEHHOTO AJIEKTPOTEXHH-
yeckoro yuusepcutera «JI9TH».
fABnserca aBropom nATH HAYIHBIX
myGauKauii.

O6nacte HAYYHBIX HHTEPECOB —
KOMIIBIOTEpHAs anrebpa, KOMIIbIO-
TEPHOE MOJENUPOBAHNE, JUCKPET-
HAsg MaTeMaTHKa.

951, ampec:
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RYTJHAYSAPOB
Pycnan
Bragmmuposuu

Crapmuii Hay4HBIH COTPYJHUK
HWJI «CencopHbie crucTeMbI Ha OC-
HOBE YCTPOHMCTB HHTerpalbHON
tororukm» YhuMcKoro yHuBEpCH-
TeTa HAyKU U TeXHOJOTHH.

B 2008 roxy oxoHUMI ¢ OTIHYHEM
Yumcrui roCyapCTBEHHBIN
aBUAIlMOHHBIM TeXHHUUECKUU yHHU-
BEPCUTET 10  CIENHUATbHOCTH
«MHOroxaHaIbHbIE TETEKOMMYHH-
KaI[HOHHbIE CHCTEMbI».

B 2013 roxy samwurum aumccepra-
M0 HA COMCKaHUe yIEHOH cTele-
HH KaH[UJaTa TEXHHYEeCKUX HAYK.
fBnsercs aBropom 6osee 45 Hay4-
HBIX Iy OMHKAIHH.

O6nacTh HAyYHBIX UHTEPECOB —
MEKDOBOJHOBaA (POTOHHKA, HHTE-
rpanbHad GOTOHUKA, HeTHHeHHAL
ONTHKA, BONOKOHHAd ONTHKA,
KBAHTOBbIE KOMMYHHUKAIUH.

1. azpec:
kutluyarov.rv@ugatu.su

JIAIIIIIEBA
Eaxena
EBrenneBna

PyxoBogurens 06pasoBarenbHOro
[[EHTPA HEIPEPLIBHON [IOATOTOBKH
IT-cenmanucToB, crapmuii mpe-
mojaBarens Kaexpsl HH(OpMa-
THKH ¥ porpaMmmuposanus Capa-
TOBCKOTO HAITMOHATBHOTO HCCIIe-
ZOBATEIbCKOTO0 TOCYAaPCTBEHHOIO
yuusepcurera uM. H. I UepHsI-
IIEBCKOTO.

B 1992 roxy oxonummna Caparos-
CKMH rOCy/IapCTBEHHbIH yHUBEPCH-
Ter 1o crenuanbHocTy «[Ipuknaz-
Hafg Maremarukar, B 2017 roxy —
MarucTparypy IO CIeNHaIbHOCTH
«BHOTEXHUYECKHE CHCTEMBI U TeX-
HOJIOTHH».

fABnsercsa aBropom Gonee 30 Hayd-
HBIX IyOIMKAIMA W TPeX CBUfe-
TEJBCTB O PETHCTPALIMHY IIPOrPAMM.
O6nacTh HAyYHBIX MHTEPECOB —
MaurmHHOe 06ydeHue, 06paboTKa
CHTHAJIOB.

9n. ampec: lapsheva@gmail.com

JIOBOIIBITOB
Baaguvup
CepreeBuu

Crapmuii Hay4HBIH COTPYJHUK
HWNJI «CeHcopHbie crucTeMbI Ha OC-
HOBE YCTPOMCTB HHTerpalbHON
hoToHHKN> YDHUMCKOTO yHUBEPCH-
TeTa HayKU U TeXHOJOTHH.

B 2008 roxy oxoHumI ¢ OTIHYHEM
Yumcrui roCyapCTBEHHBIN
aBUAIMOHHBIN TeXHUYECKUU YHU-
BEPCUTET 10  CIENHUATbHOCTH
«MHOroxaHaIbHbIE TETEKOMMYHH-
KaI[HOHHbIE CHCTEMbI».

B 2013 roxy samwmrun puccepra-
I[MI0 HA COMCKaHUe y4eHOH cTelle-
HH KaHJUJaTa TEXHUIEeCKUX HayK.
fBnsercs aBropom 6oree 49 Hayu-
HBIX ITy O,

O6nacTh HAyYHBIX HHTEPECOB —
MHKPOBOJIHOBAs (hOTOHUKA, HHTE-
rpanbHadg QOTOHUKA, HeIHHeHHAL
ONTHKA, BONOKOHHAd ONTHKA,
KBAHTOBbIE KOMMYHHKAIUH.

1. anpec:
lyubopytov.vs@ugatu.su

OBYMHHHUKOB
Annpeit
AnaroaneBnu

Houent xadenpbl HHHOKOMMYHU-
KaIluOHHBIX TEXHOJIOTHH ¥ CHCTEM
ceasu Cankr-IlerepOyprexoro ro-
CYJAPCTBEHHOTO  yYHHBEpPCHTETA
a3POKOCMHYECKOr0 IpHGOpocTpoe-
HUA.

B 2000 romy oxomuunm Canit-
Ilerepbyprekuit  rocymapcTBeH-
HBIH YHHBEPCHTET aspOKOCMHUYe-
CKOT0 IPHOOPOCTPOEHHUS 110 CIIEITH-
anpHOCTH «MHDOPMATIIOHHBIE CH-
CTeMBI B 9KOHOMHUKE».

B 2004 romy samwmrtun amccepra-
IUIO0 Ha COMCKAHUE yIeHOH cTere-
HY KaH/[U/1aTa TEXHHIECKUX HAYK.
fBnsaerca aBropom 6oree 50 Hayy-
HBIX [yOIHKAINE U CEMH MeKIy-
HaApPOJHBIX [IATEHTOB Ha H300peTe-
HHA.

O6nacTh HAyYHBIX MHTEPECOB —
TeOopHA HOMEXOyCTOHYHBOTO KOJH-
pOBaHHUd, KOZOBAT KPUITOrpaus.
9. agpec: mldoc@mail.ru

IIOHOMAPEHKO
Baagumup
NBanoBuu
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lonienT, Bemymuil HAYYHBIA CO-
rpynuuk CaparoBckoro (uamana
WHeruTyTa pasuoTeXHUKH U BJIEK-
rpounky uM. B. A. Korensuukosa
PAH, npodeccop Caparosckoro Ha-
[[MOHAIIBHOTO HCCIIE[0BATETHCKOr0
rOCYZApCTBEHHOIO YHUBEPCUTETA
um. H. I Yepnrrmesckoro.

B 1982 romy oxomumn Caparos-
CKHU TOCYIZapCTBEHHBIN YHUBEp-
curer um. H. I Yepusrmesckoro
10 creruanbHocTH «Pannodusnka
1 9JIeKTPOHHUKA».

B 2008 romy sammrui mgumccepra-
I[MI0 Ha COMCKaHWe yIeHOH cTelre-
HHU JIOKTOpa (hH3.-MaT. HayK.
fBnsercs asropom Gomee 300 Ha-
YUHBIX IIyOIUKALHH, 9T IaTeH-
TOB Ha M300pPETEHUT U aBTOPCKUX
CBHU/IETENBCTB.

O6macTh HayYHBIX HHTEPECOB —
Xa0TH4YeCKoe T0BeJIeHNe HelnHeH-
HBIX CUCTEM U .

1. azppec:
ponomarenkovi@gmail.com

ITPOXOPOB
Muxann
JAMurpueBnya

Ioment, 3aBegyouuii 1a6oparo-
pHel MO/leTUPOBAHUSA B HEJIUHEH-
Hoi suHamuke CaparoBckoro du-
nuana MHCTHTYTa paguoTeXHUKH
u snexrpornky uM. B. A. Korens-
unukosa PAH.

B 1992 roxy oxomumn Caparos-
CKHH TOCYZapCTBEHHBIH YHHBeEp-
curer um. H. I Uepnsimesckoro
no crnenuanbHocTH «Pannodusu-
Ka».

B 2008 roxy sammurun guccepra-
[[MI0 Ha COUCKAHWE yYEeHOH CTele-
HE JIOKTOpa (hUBHKO-MaTeMarnye-
CKUX HayK.

fIBnsercs aBropom 6Gonee 200 ua-
YUHBIX Iy GIUKALH.

O6mnacTe HAyYHBIX HHTEPECOB —
HeJHHeHHbIe KOIeOaHNUs U BOIHBI,
MareMaTHYecKoe MOJ[eJIMPOBAHNE,
aHaJK13 BPEMEHHBIX PAJIOB, CHCTe-
MBI IIepeady HHHOPMaIiH.

. ajpec:
mdprokhorov@yandex.ru

7/

WHPOPMALIMOHHO-YMPABJIAIOLLUE CUCTEMbI

7/ N26,2022



\ CBEJIEHMS OB ABTOPAX \
CTEIIAHOB Crapmmii mpenogasarens Wucru- CTEITIAHOB Unsmenep kadenpbl TeIeKOMMY-
JMaaumn TyTa KOMIIBIOTEPHBIX HAYK H TeX- Usan HHUKAI[MOHHBIX CUCTEM ¥Y(PUMCKOro
sonoru#t Cauxr-IleTepbyprckoro YHHBEpCUTETa HAYKH U TEeXHOJO-

CepreeBuu BacuaseBuu py

HOJUTEXHAYECKOTO YHUBEPCHTETA
Ilerpa Benuxoro.

B 2018 romy oxomuun Caskr-
Ilerepbyprckmii  momurTexHHYe-
ckuil yHuBepcuret IleTpa Benuko-
ro 1o crnernuanbHocTH «MHDOpPMA-
THKA M BBIYHCIUTENIbHAA TEXHU-
Ka».

fBngercsa aBTopoMm YeThIpex Hayd-
HBIX ILyOJIHKAIIH.

O6nacTh HayYHBIX HHTEPECOB —
BepuduKanusd ¥ aHAIH3 IIPO-
rpaMM, aBTOMaTHyecKad reHepa-
U TECTOB, (Pa33UHI KOMIIHIATO-
pOB.

1. azpec:
stepanov0995@gmail.com

B 2020 roxy oxoHumI ¢ oTIHUMEM
Ydumckunit roCy/lapCTBeHHbIH
aBUAIMOHHBIA TeXHUYECKUN YHU-
BEPCHUTET II0 CHenuanbHocT «MH-
(POKOMMYHHUKAIMOHHBIE TEXHOJO-
MM U CHCTEMBI CIIEIUATbHOM CBS-
31>,

fIBnsercs aBropom mecsaTH Hayd-
HBIX IyOIUKAAH,

O6macte HAyYHBIX HHTEPECOB —
WHTErpajbHAd (DOTOHUKA, ONITH-
YyecKas KOrepeHTHAas TOMOrpadus.
911 aapec: stepanov.iv@ugatu.su

®NJIBYEHKOB
Aunpgpei
AnekcaHapoBHY

Houent akynbrera uHMOPMAIH-
OHHBIX TEXHOJIOTHH U IPOrPAMMH-
pOBaHHUS, PYKOBOXZUTENb Jabopa-
TOPHY MaIIXHHOTO 00y4eHns YHH-
sepcurera UTMO, Carkr-Ilerep-
Gypr.

B 2010 romy oxromumn Caskr-
IlerepGyprekmit  rocymapcrTBeH-
HBIH YHHBEPCHUTET II0 CIIEIIHAb-
Hoctu «MaremaTudeckoe obecre-
YeHHe ¥ AJMUHUCTPUPOBAHHE HH-
(hopManHOHHBIX CHCTEM>.

B 2013 roxy sammrun guccepra-
IUIO0 Ha COMCKAHUe yIeHOH cTere-
HU KaHuzAara pusnKo-MareMary-
YeCKUX HayK.

fBnserca aBropom 240 HAyIHBIX
ny6naukanuii u 17 mareHToB Ha
u3006pereHus.

O6nacTh HAyYHBIX MHTEPECOB —
aBTOMATHUYECKOe MAaIluHHOe 00y-
4YeHUe, aHAIU3 U TeHepalud H30-

OpaskeHul, aHaIU3 COIHAIBHBIX

IaHHBIX, BHIOOP IPU3HAKOB.

9. axpec: afilchenkov@itmo.ru
ITAJBITO ITpodheccop daxrynbrera nugop-
AHaToaum MaIMOHHBIX TEXHOIOTHUA U IIPO-
A6p AMOBHY rpaMMUpPOBAHHSA  YHHUBEPCHUTETA

HUTMO, Caugr-IlerepGypr, yue-
ubit cexperapsb HIIO «ABpopar.

B 1971 roxy oxonuun Jleaunrpaz-
CKAU 3JEKTPOTEXHUYECKUH WH-
cruryT um. B. U. Ynesauosa (Jlexn-
HA) [0 CIEIUAJTbHOCTH «ABTOMA-
THKA U TeleMeXaHuKay.

B 1999 romy sammrtun gmccepra-
I[MIO0 Ha COMCKaHHe yIeHOH cTelre-
HH JI0OKTOpPA TeXHHYECKHUX HAYK.
fABngercs aBropom Gonee 250 Ha-
YUHBIX IyOIHKAIUH, TPeX MOHO-
rpaguii u 70 H306peTeHuil.
O6nacTh HAayYHBIX HHTEPECOB —
CHCTEMBI JIOTMYECKOr0 YIIpaBie-
HHf, aBTOMaTHOE IIPOrpaMMHUpO-
BaHUe.

. agpec: shalyto@mail.ifmo.ru

®OMUHBIX
Anna
AnexkcanagpoBHa

Marucrp kadenpsl HHE(OKOMMY-
HHUKaI[MOHHBIX TEXHONOTHH H CH-
crem cBasu Cauxr-IlerepGypr-
CKOT0 TOCy[apCTBEHHOIO YHUBEP-
CHTETa a39POKOCMHUIECKOro MpPHG0-
POCTPOEHHS.

B 2022 romy oxomumuna Cankr-
[TerepOyprckuit  rocygapCTBeH-
HBIHl YHUBEPCHTET a3pPOKOCMHUYE-
CKOTro IPHOOPOCTPOEHHU II0 CIIEIIH-
anpHOCcTH  «MH(OKOMMYHUKAIH-
OHHBIE TEXHOJOTHMH U CHCTEMbI
CBA3W».

fBasgerca aBropom 17 HayIHBIX
my6IuKanuii.

O6mnacTe HAyYHBIX HHTEPECOB —
TeOopHA KOAMPOBAHUSA, TEOPHS HH-
copmarym, WHPOPMAIIHOHHAT
0e301acHOCTh, CETH U TEIEKOMMY-
HUKAINH.

9. anpec: aawat@ya.ru
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YBaxaemble aBTOPBI!

IIpu IOArOTOBKE PYKOIIUCEH CTATE HEO6X0IUMO PYKOBOACTEOBATHCSA C/IEAYIOIIUMA PEKOMEHIAITUAMH.

CTaTI)I/I JOJIKHBI COACPHATD U3JI0KEeHNe HOBBIX HAYYHBIX Pe3yJIbTaToB. HaSBaHI/Ie CTaThbH OOJIKHO 6I)ITI) KpaTKuM, HO
nH(pOpMaTUBHBIM. B Ha3BaHWM HEIOIyCTHMO HCIIOIb30BaHUE COKPAIEHUH, KpoMe caMbix obmienpuaateix (PAH, P,
CAIIP u T. 11.).

Tekcr pyronucy NoisKeH ObITH OPUTMHAIBHBIM, a IIUTUPOBAHNE U CAMOLIUTHPOBAHKE KOPPEKTHO 0(hOPMIIEHO.

O6bem crarby (TEKCT, TAOIHITBL, HITTIOCTpAlUK 1 6ubnorpads) He [0JKeH IIPeBLIIIaTh 9KBUBaIeHTa B 20 cTpaHuil,
HaleyaTaHHBIX Ha Oymare popmara A4 Ha oxHOM cTopoHe depe3 1,5 uurepsana Word mpudgrom Times New Roman
pasmepoM 13, 1oss He MeHee ABYyX CAHTHUMETPOB.

O6s3aTenbHBIMU 9JIeMeHTaMu 0(pOpMIIeHHs CcTaThbU sBisioTca: wHAekc ¥J[K, sarmaswe, muunmansr u pamMunus
aBTopa (aBTOPOB), ydyeHas CTeleHb, 3BaHHe (IPH OTCYTCTBUM — [O/UKHOCTH), IIOJIHOE HAa3BaHWE OPraHU3AIlUU,
aHHOTAUMA U KII0YEeBble CJI0BA Ha pycckoM U aHriauiickoM s3bikax, ORCID u 21ekTpOHHBIN afpec 0JHOro U3 aBTOPOB.
IIpu Hanucanuy aHHOTAIIMY He UCIIONb3yiTe a00peBHaTyp U He JejlaiTe CChUIOK HA MCTOYHUKY B CIIHCKE JIUTEPATYPHIL.
TIpemocrasisiiTe MOAPUCYHOYHBIE MTOATMCH W HA3BAHUA TAGINI] HA PYCCKOM U QHTJIUUCKOM A3BIKAX.

Crarpu aBTOPOB, He HMEMOU[UX YYEHOH CTEIEeHW, PEKOMEHAyeTCA IIyOJIHMKOBATH B COABTOPCTBE C HAYYHBIM
PYKOBOAWTENIEM, HAIWYKE IMOINCHA HAYIHOTO PYKOBOJUTENS HA PYKOIHUCH 00g3aTeIbHO; B CIydae CAMOCTOSTEIbHON
nybaukanuy 0653aTeNbHO IIPeOCTABIANTe 3aBePEeHHYI0 110 MecTy paboThl PEKOMEHJAIIUI0 HAYIHOTO PYKOBOAHUTES
C yKazaHueM ero ) aMuIny, IMEHH, OTIeCTBA, MecTa PaboThl, OJKHOCTH, YIEHOTO 3BAHUS, YICHOU CTEIIeHH.

IIpocteie popmyasr nabupaiite B Word, ciosxubie ¢ moMoInbio pegaxkropa Mathtype wiu Equation. s zabopa
oxHOM (hOPMyYJIBI He HCIOIB3YUTE [Ba PeAAKTOpa; IpH Habope (popMys B (hOPMYIBHOM pPeJaKTOpe 3HAKW IIPEeIMHAHS,
orpaHuumBampINre QopMyLy, HabupanTe BMecTe ¢ (POPMYJION; I YCTAHOBKM pasmepa mpudra B Mathtype murorma
He moab3ydrech BKIamkoi Other, Smaller, Larger, ucrmonbsyiiTe 3aBOACKHE yCTAHOBKH pPENaKTOpa, He IOATOHINATE
pasMep CUMBOJIOB B (hOpMyJax IOJ pasMep IIPU(TA B TEKCTE CTATHU, HE PACTATUBANUTE W HE CKUMAUTE MBIIIBIO
opMmyIBL, BCTABIEHHBIE B TEKCT; IIPOGENbI B (DOPMyJIe CTaBbTe TOIBKO IIOC/IE 3alAThIX P [IEPEYUCIeHIH C IIOMOLLI0
Ctrl+Shift+Space (mpo6en); He ormensiiTe mpoberaMu 3HAKM: + = — X, a TAK/Ke IMPOCTPAHCTBO BHYTPH CKOOOK; IS
BBIJEJIEHIs IpeuecKux cuMBoioB B Mathtype momy:xupusivM Hauepranuem ucnoissyiite Style — Other — bold.

Ilna mabopa dopmyn B Word HHKOrma He HCIONb3yHTe BKIAAKHU: «YpaBHeHue», «KoHcrpykTop», «Popmyma»
(na BepxHel manenu: «BcraBka» — «YpaBHeHHe»), TAK KaK 9TOT Pecypc IIPeAHA3HAYEH TOIBKO I BHYTPEHHETO
ucnonb3oBanua B Word ¥ He IMOIAEp/KUBAETCA MPOrpaMMaMM, MPeJHA3HAYEHHBIMHU JJI M3TOTOBJIEHWS OPUTHHAJ-
Makera jKypHaia.

IIpu HAGope CHMBOJIOB B TEKCTE IOMHUTE, YTO CUMBOJIbL, 0003HAYAEMbIE IATUHCKUMHY OyKBAMU, HAGUPAIOTCS CBETIBIM
KyPCHBOM, PYCCKHUMHU U TPEYECKUMH — CBETJIBIM IIPAMBIM, BEKTOPHI U MATPUIIBI — IIPAMBIM IIOLYKHUPHBIM IPU(TOM.

Tloppo6uee cum. pdf-cpaitn «IIpaBuia moaroroBru pykomuceii» (crp. 11) Ha caiire https:/guap.ru/ric

HNnnrocTtpanun:

— pHUCYHKH, rpaduky, AuarpaMMbl, OJIOK-CXeMbI IIPEAOCTABIAHUTE B BHAE OTAEIBHBIX HCXONHBIX (PANIOB,
MOIAIOIINXCS PENaKTUPOBAHMIO, WCIIONAb3Ys BEKTOPHBbIE mporpaMmsbr: Visio (*.vsd, *.vsdx); Adobe Illustrator (*.ai);
Coreldraw (*.cdr, Bepcus ue Boimie 15); Excel (*.xls); Word (*.docx); AutoCad, Matlab (sxcmopt 8 PDF, EPS, SVG,
WMF, EMF); Komnac (skcopt 8 PDF), Be6-moprar DRAW.IO (skcriopt 8 PDF);

— oto u pacrpoBbie — B hopmare *.tif, *.png ¢ MmakcumanbHbIM paspernerreM (He menee 300 pixels/inch).

Hanuuve mogpucyHOYHBIX MOANIUCEH W HA3BaHWE TAOIMIl HA PYCCKOM W AHIJIMICKOM S3BIKAX 00513aTeIbHO
()Ke.TIaTeJI])HO HE IIOBTOPAIIIHUX JOCIOBHO KOMMEHTAPUHU K PUCYHKaM B TEKCTE CTaTbI/I).

B pemakmnuio mpexocTaBIAIOTCS:

— cBemenus 00 aBTope ((pamuIns, UMsI, OTIECTBO, MECTO PAbOTHI, JOKHOCTD, yIEHOE 3BaHKe, yueOHOe 3aBeleHue 1
TOJ €r0 OKOHYAHUs, yIeHas CTEIeHb U TOJl 3al[UThI JUCCEPTAI[UH, 00JIACTh HAYUHBIX HHTEPECOB, KOJIMIECTBO HAYIHBIX
My OaUKALHE, TOMAIITHUE U CIy:Ke0HBIN anpeca u Teiaedonsl, e-mail), goTo aBTOpOB: aHdac, B TeMHOH ofiek1e Ha 6e1oM
one, KOKHBI OBITH BUAHBI IUIEYH U TPY/(b, BBICOKAS CTEIIEHb YeTKOCTH U300pakeHus 6e3 TeHel U 0TOIeCKOB Ha JIUIE,
oTo MOKHO IpEACTaBUTH B 3JIEKTPOHHOM BHuAe B dopmare *.tif, *.png, *jpg ¢ MakcuManbHBIM paspelieHneM — He
menee 300 pixels/inch npu MuruMansHOM pasmepe doto 40x55 Mm;

— 9KCIEepPTHOE 3aKI0YeHue.

CHHCOK JHUTEPATYPHI COCTABIAETCH II0 IOPSAIKY CChUIOK B TEKCTE U 0(hOPMIISETCS CIeLYIOUUM 00pasoM:

— I KHUT U COOPHUKOB — (PaMMINs W WHULNHAIBI aBTOPOB, IIOJHOE HasBaHWe KHWUTH (COOPHHUKA), TOPOI,
HM3aTebCTBO, IO/, 00Illee KOJUIECTBO cTPAHUIT, doi;

— Ui JKyPHANIBHBIX cTaredl — (haMUINs U UHUIUAIBI ABTOPOB, IIOJIHOE HA3BaHUe CTaThH, Ha3BaHUe JKypHAaIa, Tof
M3JaHus, HOMED JKypHaa, HoMepa crpanwu, doi;

— CCBUIKY Ha MHOCTPAHHYIO JINTEPATypy CIeLyeT AaBaTh HA A3bIKe OPUTHHAIA 6e3 COKpAIeHMWIl;

— IIPHU UCHOIB30BAHUK Web-MaTepuaaoB yKasbIBAUTe agpec cauTa u 1aTy o0paleHus.

Crmcox nureparypbl  opOpMISHTE ABYMs OTAEIBHBIMH Onokamu 1o obpasmam lit.dot Ha caiite xypHana
(http://i-us.ru/paperrules): JIureparypa u References.

Bosee l'IO,I[pO6HO IIpaBu/iIa IIOATOTOBKU TEKCTa C oﬁpaauaMH U3J0KeHbl Ha HallleM caiTe B pasgeinne <<PyKOBOI[CTBO
AJISI aBTOPOB».

KoHTaKkThI

Kyna: 190000, r. Cauxr-Ilerepbypr, yiu. Bonbmas Mopckas, a. 67, mur. A, TYAIT, PUIL]
Komy: Pepaknus syprana « AHdOopMAaIOHHO-yIPABIAOIIAE CHCTEMBI»
Ten.: (812) 494-70-02
Ji1. mouTa: ius.spb@gmail.com
CaiiT: www.i-us.ru





